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CHAPTER 1 
INTRODUCTION 





1. Definition of Microwaves and Scope of 


Manual 


Radio waves at frequencies above 1,000 mc 
(megacycles) per second are called microwaves. 
This manual discusses the behavior of micro- 
waves and describes most of the specialized com- 
ponents used in microwave equipment. Anyone 
who is familiar with vhf (very-high frequencies) 
will understand the similar behavior of microwaves 
in space. The circuits and components used in 
microwave equipment, however, are very dif- 


ferent from those of lower-frequency equipment. — 


For example, the most common transmission 
system at microwave frequencies is neither the 
coaxial line of vhf frequencies nor the two-wire 
line of lower frequencies. Instead, a hollow 
conductor called a waveguide is used. 


9. History of Microwaves 


a. In 1936, two papers were published that 


dealt with holow waveguides—Hyper-Frequency 
Wave Guides—General Considerations and Ex- 
perimental Results, by G. C. Southworth, and 
Transmission of Electromagnetic Waves in Hol- 
low Tubes of Metal, by W. L. Barrow. Both 
papers discussed the hollow metal tubes that take 
the place of conventional transmission lines in 
operation at microwave frequencies. By 1940, a 
successful cavity magnetron had been developed in 
Great Britain, and it was possible, for the first 
time, to generate substantial amounts of power at 
microwave frequencies. During that year, samples 
of the cavity magnetron were brought to this 
country, and research and development work in 
the microwave field was begun in the Radiation 
Laboratory at Massachusetts Institute of Tech- 


nology. Much of the early work at the Radiation 


Laboratory was directed toward the design of 
airborne microwave radar equipment, since opera- 
tion at microwave frequencies permits the use of 
relatively small antenna structures. The term 
radar actually is a colloquialism for microwave 


equipment, although it refers to but one type, 
that which is used to see electronically, by means 


ofa transmitted radio wave that reflects from thé 


seen object, the reflection picked up by a receiver 
and translated into some indication of the range of 
the object, its bearing, and, if necessary, its 
elevation angle. In the beginning, however, the 
first practical radar equipment operated in the 
vhf range, and the radar used in the early days of 
World War II operated at those frequencies. 
b. The value of radar was not recognized — 
generally during the early years of the war, 
because its development was one of the successfully 
guarded secrets of war preparation. Radar equip- 


ment was installed on battleships, submarines, 


and in airplanes often against the wishes of com- 
manding officers. The Commanding Officer of the 
British battleship, H. M. S. Hood, in the dis- 
astrous fight with the German Bismarck, chose the 


range given by an optical rangefinder in preference 


to that of his radar, and failed to hit his opponent. 
The Commanding Officer of the Bismarck used 
a radar range and hit the Hood on the first salvo. 
Although the radar used in the Battle of Britain 
was operated at vhf frequencies, its effects— 
vision through fog, clouds, and darkness, ac- 
curate ranges and tracking—all were present, and 


Hitler’s bombers took a beating they never ex- 


pected. The introduction of microwave tech- 
niques not only sharpened these qualities; it 
reduced equipment size, lightened its weight, and 
extended the scope of radar to the point where it 
became one of the really decisive factors of the 
war. | | 

ce. Until 1942, the effectiveness of German sub- 
marines in the North Atlantic was neutralized to 
a large extent by the use of airborne antisubmarine 
radar operating at a frequency of about 200 mc per 
second. By that time, however, many German 
submarines were equipped with listening receivers 
operating at the radar frequency. A submarine 
with a directional antenna could determine the 
direction of an Allied antisubmarine aircraft, and 
a rough estimate of range could be made from the 


1 . 


_-impending attack, 


strength of the received signal. The effective- 
ness of Allied antisubmarine operations dropped 
to a low at this time, since a submarine, warned of 
invariably dived before the 
aircraft was in a position to drop depth charges. 
The effect of the listening receiver was countered 
by the aircraft for a time by the use of an atten- 
uator inserted between the radar transmitter and 
the transmitting antenna. During the final 
phase of an attack, the radar operator reduced the 
radiated signal level by adjustment of the atten- 
uator. At the submarine, the operator of the 
listening receiver noted a decrease in the signal 
strength and concluded that the aircraft was 
going away when it was, in fact, approaching for 
an attack. This simple trick accounted for the 
destruction of a number of submarines, but once 
the secret. became known the submarines no longer 
waited on the surface. When microwave radar 
was introduced, the Germans thought for a 
long time that vhf radar had been replaced by 
some sort of infrared equipment (operating on 
heat from the submarine), and they made no 
effort to develop microwave listening receivers. 
The result was another sharp increase in the 
effectiveness of antisubmarine operations. By 


1943, most of the vhf airborne radar had been > 


replaced by microwave equipment operating at a 
wavelength of about 10 centimeters. 

d. During the next 2 years, 1943 to 1945, most 
vhf radar was displaced by microwave equip- 
ment, and new types of radar were developed. 
Among these may be mentioned blind bombing 
equipment and GCA (ground-controlled approach) 
equipment which permits ground operators to 
direct an aircraft to a safe landing under condi- 
tions of zero visibility. Neither high-altitude 
blind bombing equipment nor GCA equipment 
was practical before the advent of microwave 
radar, because, in both cases, antenna structures 
having the required directivity are Peay 
large at vhf frequencies. 

—. @. Wartime development work in the micro- 
wave field was directed primarily toward improve- 
ment of radar equipment of various sorts. Since 


the:war, however, various types of microwave 


communications equipment have come into use. 
Most of. these are microwave relay installations 
which handle telegraph, telephone, or television 
signals. Figure 1 shows a telephone relay instal- 
lation ‘designed for short-distance work—across 
rivers, for example. Figure 2 shows a microwave 
television relay installation. Operation at micro- 
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Figure 1, 












ey microwave telephone relay installation. 


wave frequencies offers two major advantages— 
the great directivity of microwave antennas per~- 


mits the use of relatively low-power transmitting 


equipment, and the great bandwidth available at 
microwave frequencies affords tremendous traffic- 
handling capacity. In both respects, mocrowave 
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Microwave television relay installation. 


Figure 2. 


equipment is superior to vhf equipment. A 
single low-power telephone relay installation 
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operating at microwave frequencies, for example, 
is able to handle more than a thousand simul- 
taneous conversations. ste 











3. Special Aspects of 


wave Equipment | ge 





_ The difference between microwave theory and 
ordinary circuit theory may be compared to the 
difference between d-c (direct-current) and a-c 
(alternating-current) circuit theory. After study- 
ing d-c theory, it is necessary to acquire a new 
point of view in order to understand a-c theory, 
with concepts like phase, frequency, and react- 
ance which bear little apparent relation to d-c 
theory. Conventional ‘radio circuit theory is 
based on voltages and currents, but much of 


microwave theory is based on electromagnetic 


fields. This actually is not a great change in 
thinking. To begin with, the concept of electro- 
magnetic fields forms the basis of all antenna 
theory. Also, once the operation of waveguides 
and their associated components is grasped, they 
may be considered from the familiar viewpoint of 
transmission line theory. The standard concepts 
of impedance matching and standing wave ratio 
apply to waveguide installations just. as. they 
apply to conventional transmission line systems. 
Because of this, there is a close similarity between 
microwave systems and vhf systems, and this 
becomes apparent as soon as the fundamentals of 
waveguide theory have been digested. Just as 
a-c theory is a logical extension of d-c theory, so 
woicrowave practices and techniques follow easily 
and simply from those of conventional radio. 


4. Standard Waveguides 


Figure 3 shows two standard types of wave- 
guides, rectangular and circular. At this point, 
it is necessary to discard the concept of the opera- 
tion of a transmission system in terms of voltages 
and currents. Instead, anyone understanding 
electric and magnetic fields will be close to an 
understanding of the microwaves that travel inside 
the waveguide. There is simply a change in the 
terms and the principles used in thinking about 
transmission systems. Once this change in ap- 
proach is accepted, a description of waveguides 
and other components of microwave transmission 
systems will be grasped easily. 











Figure 8. Hollow waveguides. 


5. Dimensions of Microwave Components in 
Relation to Wavelength 


a. The dimensions of most microwave com- 
ponents are nearly proportional to the wavelength 
at which they operate, and therefore the size of 
the equipment varies with the wavelength of the 
signals. For obvious reasons, microwave systems 
usually are designed for operation in one of the 
three standard bands in the following tabulation, 
and components normally are available in sizes 
adapted to the three wavelengths. 





Wavelengths 
Bands Grow era) ae oae 
(cm) (in.) 
S-band.-_----- Near 3,000____-_-_-- 10 4. 
X-band_------ Near 10,000___-_---- 3 1. 2 
i-band-..2-=4+ Near 27,000___-____- 1.1 44 


_. 6. The three standard sizes of a bent section of 
waveguide are shown in figure 4. The largest 
section is used for the S-band, the middle size for 

the X-band, and the smallest size for the K-band. 

The flange fittings on the end of each section are 
used for connection to adjacent pieces of waveguide. 
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Figure 4. Standard sizes of one type of waveguide bend. 


6. S-, X-, and K-Band Usages 
Although signals in the S-, X-, and K-bands 


behave in similar ways, the effects of rain, snow, 
and fog are more pronounced in the higher- 
frequency X- and K-bands. For this reason, 
early-warning radars which must pick up targets 
at long ranges under all weather conditions usually 
are operated at S-band frequencies. Most air- 
borne radars operate at X-band frequencies to 
take advantage of the weight saving afforded by 
the reduction in size of microwave components, 
since the size of these is usually proportional to 
the wavelength. Antiaircraft tracking radars 





Figure 6. Guided missile radar. 
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also operate at X-band frequencies, sacrificing 
long-range, bad-weather performance to obtain 
the greater tracking accuracy resulting from the 


sharper beam obtainable in the X-band. The © 


K-band is reserved for special applications, such 
as radars, where very light weight and small 
antenna size are more important than reliable 
long-range operation. A typical example of 
K-band equipment is the midget homing radar 
used in a guided missile. Figure 5 shows a guided 
missile containing a radar of this sort. : 


7. Bandwidth of Microwave Systems 


One of the advantages of operation at micro- 
wave frequencies is the great bandwidth of micro- 
wave systems or, in other terms, the tremendous 
amount of information that can be carried by a 


single microwave system. When an r-f (radio-— 


frequency) carrier of frequency f, is amplitude- 
modulated by an audio signal of frequency f,, the 
resulting modulated carrier consists of three dis- 
tinct r-f signals. The first of these is the original 
carrier. The others, at frequencies f, above and 
below the carrier, are called the woper and lower 
side bands, respectively. If the carrier is fre- 
quency-modulated, there are additional side bands 
at frequencies (f.-+2fa),(fe—2fa), fet Ba) (fe—Bhe) 
and soon. The r-f section of any transmitter is, 
necessarily, tuned to the carrier frequency f, and 
wil pass only signals having frequencies within 
about 5 percent of f,. (The limit is, of course, 
different with different types of equipment.) In 
practice, f, often is limited to values such as .01/,. 
It follows, then, that higher modulating frequen- 
cies can be used when the frequency of the carrier 
is increased. Consider, for example, the 96 
channels at frequencies of 550 ke (kilocycles), 560 
ke, 570 ke, and so on up to 1,500 ke. Operating 
on these channels, 96 transmitters can carry 96 
separate voice programs. It is possible, however, 
to operate 96 low-power r-f amplifiers at these 
frequencies and modulate each with its own voice 
_ program. The outputs of the 96 modulated 
amplifiers then can be combined (by adding them 
together) into a single rather complex signal con- 
taining frequencies that range from slightly below 
550 ke to slightly above 1,500 ke. This complex 
signal then can be used to modulate a microwave 
transmitter. It is, therefore, possible to carry all 
of the 96 voice programs in the entire broadcast 
band on a single microwave carrier. At the re- 


ceiving end of the microwave system, routine — 


lengths are similar. 


detection of the incoming signal provides the 
complex signal (containing the 96 modulated 
carriers) at a high level with a negligible noise 
background. Then, 96 simple receiver- -type cir- 
cuits select the separate modulated carriers, and 
the outputs of these circuits are detected: in the 
usual way to obtain the 96 voice programs—each 
on a separate line. Thus, through the use of 


‘more refined techniques (oasieully the same as the 


technique described above) a single microwave 
relay installation is enabled to handle over a 
thousand telephone conversations at the same 
time. 


8. Directivity of Microwave Systems 


Another advantage of operation at microwave 
frequencies is the great directivity that can be 
obtained with relatively small antenna systems. 
In general, the sharpness of an antenna pattern 
depends on the size of the antenna. If two trans- 
mitting antennas are operated at the same fre- 
quency, the larger one ordinarily will radiate a 
narrower beam than the smaller one. Similarly, 
if two receiving antennas are operated at the same 
frequency, the larger one will have greater direc- 
tivity than the smaller one. It turns out, how- 
ever, that two antennas operating at different 
frequencies will have similar. radiation or similar — 
reception patterns if their dimensions in wave- 
As an example, an antenna 
array 10 feet high and 20 feet wide operating at a 
wavelength of 1 meter (at a frequency of 300 mc 


per second) has essentially the same radiation © 


pattern as an array 20 feet high and 40 feet wide 
operating at a wavelength of 2 meters (at a fre- 
quency of 150 me per second). Thus, microwave 
antennas of small size may achieve the same 
radiation pattern as the larger ones used in vhf 
systems. 


9. Relative Antenna Sizes 


One type of early-warning radar, which was ~ 


used extensively before microwave equipment was | 
developed, operated at a frequency near 700 mc 
per second and used an antenna array about 6 
feet wide by nearly 6 feet high. This array (fig. 
6) is a heavy and awkward amount of: gear to 
swing around on the top of an antenna tower. 
The machinery necessary to turn it and the struc- 
ture required to support it are necessarily large 
and expensive. With microwave equipment, a 
similar pattern can be obtained at S-band fre- 
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Figure 6. 


quencies (around 3,000 mc) with an antenna ap- 
proximately 16 inches wide by 12 inches high, or 
with a circular structure slightiy over 6 inches in 
diameter. In practice, an S-band antenna is 
rarely as small as this, but it is obvious that the 
saving in weight and size may be considerable. 


10. Usual Microwave Antennas 


Antenna sizes for airborne radars are generally 
about 30 inches in diameter for the S-band, and 











Vhf early-warning radar antenna. 


anywhere from 8 to 30 inches for the X-band. A 
present-day early-warning radar operating in the 
S-band uses an antenna about 3 feet by 10 feet, 
approximately one-quarter the size of the vhf 
radar mentioned earlier, but its efficiency 1s so 
increased that there is no comparison between its 
performance and that of its vhf forerunner. A 
representative ground radar used to control anti- 
aircraft guns operates in the S-band with an 
antenna diameter of about 60 inches (fig. 7.) 
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Generally speaking, microwave radars in use today. 


operate with smaller antennas and sharper beams 
than the vhf radars in use’in the early years of 
World War IJ. The advantages of smaller an- 
tennas are obvious both in airborne equipment 
and in shipboard and mobile installations, where 
space is limited. The sharper beam of a micro- 
wave antenna allows more accurate determination 
of target direction, since echo strength changes 
more rapidly when the beam is moved off the 


ost microwave equipment is designed for opera- 


tion in one of three standard bands for which 
components are widely available. These are thé 


S-band (wavelength about 10 cm, frequency about - 


3,000 me per second), the X-band (wavelength 
about 3 cm, frequency about 10,000 mc per. sec- 
ond), and the K-band (wavelength about 1.1 cm, 
frequency about 27,000 me per second). 

b. Practical use af microwaves dates back to 


the middle of World War II. Wartime applica- 





Figure 7. 


target. At the same time, the sharper beam con- 
centrates the radiated energy, thus delivering more 
power to the target in the case of radar, or to the 
receiving antenna in the case of a point-to-point 
communications system. 


11. Summary 


a. Radio waves at frequencies of more than 
1,000 megacycles per second are called microwaves. 
The sizes of most microwave components depend 
on the wavelength at which they operate, and 


Typical radar for antiaircraft gunfire control. 


tion of microwaves was limited to radar equip- 
ment, but postwar developments include micro- 


wave communications equipment—particularly | 


television relays and multiple-channel telephone 
and teletype relays. 

c. The important merits of microwave oper ation 
are the great bandwidth available (which allows 
a single microwave relay installation to handle as 
many as a thousand simultaneous telephone con- 
versations) and the great directivity obtainable 
from relatively small antenna structures. — 
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12. Review Questions 


a. Of what is the most common transmission 
system used at microwave frequencies composed ? 
6. Conventional radio circuit theory is based 

on voltages and currents. On what is microwave 

theory based ? | 

c. Name the three standard bands used in 
microwave systems, and give the frequencies near 
which they operate. 


d. Name a standard equipment use for each of 
the three microwave bands. 

e. Is the bandwidth of a microwave system 
ereat or small? 

f. Why is great bandwidth desirable? 

g. In what way is the size of microwave equip- 
ment related to frequency ? : 

h. Can microwave antennas of small size achieve 
the same results as the larger ones of vhf systems? 
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CHAPTER 2 
PROPAGATION AT MICROWAVE FREQUENCIES 





Section 1. BEHHAVIOR OF MICROWAVES 


13. Importance of Propagation Characteristics 


a. It usually is possible to obtain reliable oper- 
ation over distances up to 100 miles with radio 
systems operating at frequencies below 30 me per 
second, but this is not true with systems operating 
at microwave frequencies. Even with a powerful 
transmitter and a good antenna system, one cannot 
be sure of delivering a usable signal at a specified 
point. In some cases, for example, a change of 
50 feet in the height of the transmitting antenna 
may provide excellent operation where no operation 
was possible before. In other cases, communica- 
tion between two points may be possible only 
under abnormal weather conditions. Such be- 
havior results from variation in the propagation 
characteristics of the path joining the transmitter 
to the desired receiving point. 


b. Given two points, the microwave propagation — 


characteristics of the path between them—that is, 
the way in which microwave energy travels from 
one point to the other—depend on such factors as 
the height of each end of the path, the length of 
the path, the nature of the terrain between the 


two points, the weather conditions along the path, 


the particular frequency used, and so on. Because 
of this variation, the propagation characteristics 
of the path between the transmitting and receiving 
antennas of a point-to-point communications sys- 
tem, or of the paths between the antenna and 
possible targets, in a radar installation, are of the 
oereatest importance. 

c. It is necessary to be able to predict the 


propagation characteristics of any given path, so- 
that suitable paths can be chosen and equipment 


can be installed at sites that will permit the most 
reliable operation possible. 


14. Four Paths of Radio Waves 


a. Four different paths may be involved in the 
transmission of energy, at radio frequencies, from 


one point to another. These are the direct wave, 
the reflected wave, the surface wave, and the sky 
wave. In any given instance, one, two, three, or 
all four types of waves may be present, all issuing 
from the same radiating source. This concept is 
suggested in figure 8, where only the direct: and 
reflected waves are rope senied. 

6b. Most microwave installations make use a 
the direct wave (signal) only, although in some 
cases the reflected wave is also important. This 
characteristic of microwave systems may be con- 
trasted with the behavior of similar installations 
operating in the vhf range, where the direct and 
reflected waves are usually (but not always) of 
equal importance. 

c. The other two waves, the surface wave and 
the sky wave, are mentioned only because of 
their importance at low and medium frequencies. 
The surface wave is seldom important in either 
microwave or vhf operations, and the sky wave is 
absent at frequencies higher than 60 me per second. 


15. Microwaves 


a. Direct Wave. The direct wave from one 
point to another takes its name from the fact that 
it travels directly—that is, with no reflections— 
between the two points. Figure 8 shows the 
paths followed by the direct and the reflected 
waves traveling from the antenna of an early- 
warning radar to the aircraft that is under. obser- 
vation. As already noted, the success or failure 
of a microwave system usually depends on the 
presence or absence of the direct wave, since the 
other signals ordinarily are absent or unimportant. 
The first step in predicting the propagation char- 
acteristics of a given path is, therefore, considera- 
tion of the direct wave. | 


6. Reflected Wave. 
(1) The term reflected wave is geplied to a 
wave that has been reflected from the 
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Figure 8. Direct and reflected waves. 


land or water surface of the region. be- 


tween the transmitting and receiving 
points. Figure 8 shows the path of such 
a wave. There is usually a path of this 
sort, but there can be no reflected signal 
unless the transmitting antenna radiates 
energy along the path. In _ point-to- 
point ground communications, the beam- 
width of the antenna is such that ground 
reflections are always present. 


(2) A somewhat similar limitation holds for 


propagation in the reverse direction— 


from the aircraft to the antenna. Since — 


the aircraft radiates an echo in all direc- 


tions, a reflected signal always will be | 


delivered to the antenna. This signal, 
however, has no effect on the perform- 
ance of the system unless the antenna is 


able to pick up energy from the direction 
‘in which the wave arrives. 
(3) Another factor that affects the reflected 


wave is the nature of the reflecting sur- 


face. If the surface is smooth, any 
energy arriving along the reflected-wave 


path will be reflected in an orderly way, 
and at least a large part of it then will 
travel to the target (A of fig. 9). If, 
however, the surface is rough, the 
energy that reaches it will be reflected 
in a multitude of different directions and 
only a small portion of the energy will 
continue along the reflected-wave path 
to the target, as in B. If the reflecting 
surface is rough, the reflected signal at 
the target will be so much weaker than 


the direct signal that it may be ne- 


glected. Generally speaking, water acts 
like a smooth surface at microwave 
frequencies and land acts like a mouee 
surface. — 


(4) Although this discussion has been in 


terms of a target—the aircraft shown in 
figure 8—the same considerations hold 
when the path ends at a receiving 
antenna. 


(5) The importance of the reflected wave lies 


in the fact that the effective signal at the 
target—or at the receiving antenna—is 
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Figure 9. Reflection from smooth and rough surfaces. 


the sum of the direct and reflected 
waves. Like any other 
- waves, a-c or r-f, these signals must be 
added with due regard to the phase 
difference (if any) between them. A 
phase difference between the two waves 
often is introduced by the difference in 
the lengths of their paths. This differ- 
ence may be anything from a small 
fraction of a wavelength to many wave- 
lengths. When the path difference is an 
odd number of wavelengths, the two 
sionals arrive at the target or receiving 
antenna in phase. This is true when 
the wave is reflected at small angles of 
incidence, causing a 180° phase reversal. 
For horizontal polarization, the phase 
reversal is nearly 180°, irrespective of 
the frequency and magnitude of the 
grazing angle. This is true also of 
vertical polarization for almost all point- 
to-point ground communications. With 
vertical polarization at grazing angles in 


252020°—53——2 


alternating | 


access of, say, .5°, the phase reversal is 
less than 180°, depending on the fte- 
quency and os erazing angle. | 


| 


16. Signals Present at Lower Frequencies 


a. Sky Wave. A sky wave is one that has been 


reflected from the ionosphere, a region that ex- 


tends from an altitude of 40 or 50 miles to the 
upper limit of the atmosphere. The mechanism 
of ionosphere reflection of radio signals differs 
somewhat from that of ordinary reflection by a 
surface, described in paragraph 15). Also, 
ionosphere reflection diminishes as the signal 
frequency increases, and, therefore, it has no 
bearing on microwave propagation. | 


b. Surface Wave. The surface wave travels 
along the surface of the earth or water. It is 
not present unless the transmitting antenna is 
within a few wavelengths of the ground and, since 
it remains close to the surface, it cannot be - 
picked up unless the receiving antenna is also low. 
The surface wave signal is important at low _ 
frequencies; most daytime broadcast reception is 
by surface wave. It is relatively unimportant at 
vhf and may be neglected completely at microwave 
frequencies. | 


17. Curvature of Microwave Paths 


a. The paths followed by microwave and vhf 
sionals, whether direct or reflected, usually are 
slightly curved. The signals travel through the 
atmosphere at speeds that depend on tempera-— 
ture, atmospheric pressure, and the amount of 
water vapor present in the atmosphere. Gen- 
erally, the higher the temperature, the faster the 
sional; the lower the atmospheric pressure, the 
faster the signal; and the less the amount of 
water vapor present, the faster the signal. The © 
net result of these influences is that the signal — 
speed changes with altitude, and, under normal 
atmospheric conditions, the variation is a small 
and uniform increase in the speed of the signal 
with increasing altitude. This causes all paths to 
curve slightly downward, as shown in figure 10. 

6b. To understand the reason for this curving 
downward, imagine a surface called a wave front 
such as the one represented by line AB (fig. 10), 
where A is higher in altitude than B. A wave 
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Figure 10. Microwave path curvature. 








front is a surface, not necessarily flat, chosen in 
such a way that the phase of the signal vs the same 
at all points on the surface. The signal always 
travels in a direction perpendicular to the wave 
front. Now, as the wave front, AB, moves with 
the signal, it reaches a position, A’B’, after a 
short time interval: The speed at A and A’ is 
faster than the speed at B and B’, since A and A’ 
are at a greater altitude. Therefore, in a given 
time, the upper part of the wave front moves 
farther than the lower part, and the wave front. 
tips slightly forward as it moves along. Since 
the path followed by the signal is always perpen- 
dicular to the wave front, it curves slightly down- 
ward as the wave front tips. 


Section Il. EFFECTS OF ATMOSPHERIC CONDITIONS 


18. Standard Propagation 


Reference has been made in paragraphs 13-17 to 
normal atmospheric conditions. These are de- 
scribed in this paragraph, and the more common 
abnormal conditions are described in the para- 
graph following. 

a. Index of Refraction. 

() Both light waves and radio waves travel 
through a vacuum with a speed nearly 
equal to 330 yards per microsecond (a 
microsecond is 1/1,000,000 of a second). 
In more common units, they travel ‘nearly 
186,000 miles per second (these are stat- 
ute miles of 5,280 feet). In almost any 
other medium, the velocity of the waves 
differs from their velocity in a vacuum, 
and signals of different frequencies travel 
with different velocities. Visible light, 
for example, travels through water about 
three-fourths as fast as through a vac- 
uum, and radio waves travel through 
water only one-ninth as fast as through 
a vacuum. (Radio waves are, of course, 
greatly attenuated, or diminished, by 
water and for practical purposes it may 


be considered that they do not travel — 


through water at all.) 

(2) Instead of saying that visible light travels 
through water with a velocity of about 
247.5 yards per microsecond, it is more 

- convenient to say that water has an 
index of refraction of about four-thirds 
for visible light. The index of refraction 
of water is simply a number equal to the 
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velocity of light in a vacuum divided by 
-. its velocity in water. Similarly, water 
may be said to have index of refraction 
of four-thirds for visible light and nine 
for radio waves, and a vacuum has an 
index of one for both types of signals. 
The velocity of a light wave or a. radio 
wave through any medium is then very 
nearly 330/n yards per microsecond, 
where 7 is the index of refraction of the 
medium for signals of the particular 
wavelength under consideration. 


b. Normal Variation of Index of Refraction 
With Herght. 


(1) For microwave and vhf signals, the index 
of refraction of air becomes smaller with 
decreasing pressure, smaller with de- 
creasing moisture content, and larger 
with decreasing temperature. All three 
of these variables—pressure, moisture 
content, and temperature—decrease with 
increasing altitude in a normal atmos- 
phere. The changes in pressure and 
moisture content make the index smaller 
at greater heights. The change in tem- 
perature tends to make the index larger, 
but it is not sufficiently great to offset 
the decrease caused by reduction in 
pressure and moisture content. The net 
result, under average conditions, is that 
the index of refraction for microwave 
signals decreases uniformly with height 
up to altitudes of appROaUnAUsy 25,000 
feet. 











(2) Because the velocity of microwave signals 
increases with height, the signals follow 
paths that are curved slightly downward, 
as explained in this paragraph and in 
paragraph 17. 

(3) Although the index of refraction for light 
waves also varies with height, it changes 
much less than the index for microwaves, 
and the paths followed by light waves 
are nearly straight lines. 

(4)- Under normal atmospheric conditions, the 
curvature in the paths.of microwave sig- 
nals is such that the paths appear as 

straight lines when ‘they are plotted on 
a diagram in which the curvature of the 
earth’s surface is distorted by using a 
fictitious value, equal to four-thirds of 
the actual value, for the earth’s radius. 
(Diagrams thus distorted actually are 
made in practice, and are explained in 
pars. 29-39.) Such atmospheric condi- 
tions are called standard conditions, and 
propagation (the process by which the 
wave travels, or the way in which it 

- travels) under such conditions is called 
standard propagation. 


19. Anomalous Propagation 


“Temperature and moisture content are inter- 
related in such a way that normal changes i in these 
quantities do not alter appreciably the standard 
variation of the index with height. Because of 
this, standard conditions generally prevail. How- 
ever, it is possible to have conditions under which 
the variation of the index with height is not 
standard. Such conditions are called nonstandard 
conditions, and propagation under such conditions 
is called anomalous propagation. 

a. Light waves are refracted, or bent, Sich 
they pass from one medium to another nigdiin 
having a different density. This physical fact 
accounts for the phenomenon known by travelers 
on the desert as a mirage. Thus, an oasis that is 


actually many miles away. appears to be clearly 


above the horizon. What has happened is that 
light rays from the distant oasis have been bent 
around the earth’s curvature. This effect may 
result when the atmosphere is not uniform and is 
subject to varying composition and density, caus- 
ing the light rays to travel in a curved path 
instead of in a straight line. Similarly, radio 
waves can behave in a like fashion. Both the 





optical mirage and the radio wave mirage are 
caused by the bending of waves away from a 
medium of low density into a medium of higher 


density. The degree of bending is expressed by 


the changes in refractive index. The atmosphere 
may provide a curved path by which radio waves 
may be bent around the earth’s curvature; such 
a curved path for radio waves is called a duct. 

6. Atmospheric conditions of abnormal varia- 
tion affect the operation of radio equipment on 
frequencies greater than 30 mc. In general, the 
higher the frequency the greater will be the pos- 
sibilities of a duct causing erratic radio-wave prop- 
agation effects. The radar operator using fre- 
quencies in the microwave region must be on guard 
against false readings attributable to atmospheric 
peculiarities. For this reason, an echo box is best 


_ for equipment performance testing instead of a 


target such as a cliff or a distant mountain; such 
targets may not be dependable reference points, 
since abnormal propagation effects because of 
trapping can give false readings in signal strength 
as great as 50 db (decibels). 

c. The question arises—What are the weather 
conditions that cause the creation of a duct and 
the resulting propagation peculiarities? It is well 
known that the earth’s atmosphere is subject to. | 
many variations. In general, both the tempera- 
ture and the moisture content decrease gradually | 
and practically uniformly with height above the 
surface of the earth. This is the standard condi- 
tion, and when this condition occurs no ducts are 
formed and radio transmission is normal. How- 
ever, normal atmospheric conditions may not be 
present at all times. In some cases, the temper- 
ature first may increase with height and then 
begin to decrease. ‘This is referred to as tempera- 
ture inversion. In addition, the moisture content 
of the atmosphere may decrease very sharply close 
to the earth’s surface. When these conditions 
exist—namely, temperature inversion accompa- 
nied by a region of great moisture variation—a 
duct, which can cause downward bending of Boer 
waves, is likely to be formed. : 

d. A modified index of refraction curve, ieuslly 
called an M-curve (fig. 11), is used to predict the 
probable degree of bending. Changes in M indi- 
cate the bending of the radio wave in the atmos- 
phere. A, of figure 11, shows a straight line 
sloping up gradually to the right without any 
break. A curve of this nature predicts standard 
propagation. Conversely, a curve that slopes up... 
and to the left indicates that duct-forming condi- 
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Figure 11. Modified index of refraction curves. 


tions prevail. B shows an M-curve that rises in a 
direction toward the left, which signifies the possi- 
bility of a surface duct. In C, the curve rises to 
the right and then breaks to the left. This dis- 
continuity discloses the existence of atmospheric 
conditions likely to cause an elevated duct. 
| e. One of the weather conditions that causes 
anomalous effects results from warm, moist air 


_ flowing over cold water; the air layers closest to 


the sea are cooled more than higher levels, and 
temperature inversion is the result. Since the 
upper levels are warmer, they can hold more 
moisture than the lower colder levels and, there- 
fore, the vapor content increases with height. 
This weather situation may cause a duct to be 
- formed and lead to nonstandard propagation. 

jf. Another weather situation that may cause 
the formation of a duct results from surface 
(radiation) inversions. This condition occurs 
when the heat is being radiated from the earth’s 
surface faster than it can be dispersed by the 
lowest level of the atmosphere; the result is that 
_ the temperature of the earth’s surface is much 

lower than that of the air, and the temperature 
inversion which occurs may form a low-level duct. 
Radiation ducts may be expected over large, flat 
land areas in the middle and higher latitudes. 
Desert country is such a region where this type 
of radiation duct may be encountered. Ducts of 
this character generally are found at night or in 
the early morning. In addition to the examples 
just cited, other weather situations can cause 
unusual changes in temperature and moisture 
distribution in the atmosphere; two of these are 
the flow. of cool air over a warmer sea and a 
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descending or subsiding body of air which acts to 


bring about a warmer, dryer level. 

g. As already mentioned, the paths of micro- 
waves in a duct curve downward more sharply 
than usual. Therefore, they curve downward even — 
when plotted over a modified earth of the type 
mentioned in paragraph 18). The presence of a 
duct always increases the operating range of a 
radar (assuming that the range is limited by the 
curvature of the earth rather than by available 
power) and, when the curvature of a horizontal 
microwave path is the same as the curvature of 


the earth, the range may be extended by as much 


as several hundred miles, as shown in B of figure 
12. A shows the normal range of the same radar. 
Both drawings are plotted on a fictitious earth 
curvature (par. 18b) so that the signal paths in > 
standard atmosphere, or above the duct, appear 
as straight lines. Although ducting increases the 
operating range of a radar, it has a bad effect in 
that it may decrease the coverage of the radar. 
B shows that the high-altitude coverage of the 
radar at long range has been reduced. In gen- 
eral, increased range is obtained when both target 
and radar lie in the duct, whereas the range is 
reduced when one is in the duct and the other is © 


not. Because of this, an aircraft making an anti- 
shipping search by radar should always fly in a 


duct (when one is present) rather than above it. © 
Since some energy is lost by the signal as it travels 
over the water, and some energy leaks out the 
top of the duct, extreme increases in range seldom 
are encountered except with ducts that are several 
hundred wavelengths high. | 
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Figure 12. Extension of range by duct. 


20. Absorption and Scattering 


The propagation characteristics of microwaves | 


already discussed—curved paths and anomalous 
propagation—also hold for the vhf range of fre- 
quencies. Two additional atmospheric effects pe- 
culiar to microwaves are absorption and scattering. 

a. Absorption. At certain frequencies, the at- 
mosphere will not transmit radio waves but will, 
instead, absorb most of the energy. The effect 
has nothing to do with reflection. Instead, the 
energy is absorbed in precisely the same way that 
red light is absorbed by a pair of green sun glasses 
(which transmits only the green light). Certain 
of the gas molecules, particularly those of oxygen 
and water vapor, are able to oscillate at these 


- frequencies, and they behave exactly like resonant 


circuits that absorb energy only at the frequencies 
to which they are tuned. The effect is not present 
at frequencies lower than the X-band, and does 
not become serious until the K-band is reached. 
Because a number of strong absorption bands are 
present in the region between .1 and 1 cm, it is 
likely that there will be no conventional micro- 
wave equipment at wavelengths shorter than the 
present K-band. The next step in reducing 
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wavelength probably will be the development of. 
infrared equipment operating at wavelengths of 
less than 1 millimeter. | 

b. Scattering. The effectiveness of a micro- 
wave system may be reduced sharply by scatter- 
This phenomenon depends on 
the presence of small drops of water or fine par- 
ticles of dust, snow, or ice in the air. These act 
as reflectors, and divert some of the signal from 
its original path. The direction in which the 
signal is reflected has little relation to the original 
direction—except that it is not the same. The 
oreater part of the energy is radiated in directions 
at right angles to the original path, and some even 
is reflected back in the opposite direction. As 
might be expected, the effect is worse at higher 
frequencies because of the greater size of the 
particles relative to the wavelength. Scattering 
does not affect S-band systems; it has a somewhat 
noticeable effect on X-band systems and it has 
considerable effect on K-band systems. At K- 
band frequencies, the scattering effect of-rain and. . 
fog is so great that the equipment may be useless 
in bad weather. It is possible to see storms with 
X- and K-band radars because a sizable signal is 
returned to the radar by the scattering particles. 
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The choice of operating frequencies, discussed in increased vulnerability to adverse weather condi- 


chapter 1, is based on a compromise between tions, both of which accompany any increase in 
improvement in fair-weather performance and frequency. 


Section Ill. EFFECT OF REFLECTED SIGNAL 


91. Importance of Reflected Signal direct signal; when the two signal levels are equal or 


The reflected signal is important only when it is neeay 2 CaneLanen may be substantially Compe, 
picked up at the receiving point with a strength Teas desirable, iererore Ae consider # number of 
comparable to that of the direst signal, In most representative installations with a view to deter- 
microwave installations, the reflected signal may pearaes when the : eflected signal must be o 
be neglected either because it is absent or because Igerer ane wel iu may (be neglected at ee 
it is weak as compared to the direct signal. When | — tr equencies. Among the. meter ee ee 
the! reflected: Siznall 1: preseti ‘and Strong) 10s siderations are—whether the transmission path is 
importance lies in the fact that it may either rewn- Mrs ae i ae oe a a eas - 
force the direct signal or cancel it almost completely. Eee ne ee a: Oe ae eee 
Whether the two signals tend to reinforce or cancel wareet kor zecelvane a) 5 ees o 
each other depends on their phase difference. As epauonary oe the signal is polarized hori- 
noted earlier (par. 15b), this phase difference zontally - vertically oe oa angie ey wich 
results from the different path lengths of the on : ignal oe oe pen eeune SUNEBCS. ae = 
direct and reflected signals. When the two signals considerations are discussed in the following 
are in phase with each other, or nearly so, they paragraphs. oe | 
may be added directly; if they are of nearly equal , | : 
strength, the combined signal is twice as strong as 22. Overland and Overwater Operation 
either one alone and it has a power level four times _ 
as great. But, when they are close to 180° out of 
phase with each other, there will be partial can- 
celation, since the reflected signal (which is usually 
the weaker one) subtracts from the strength of the 


It has been pointed out that land is a rough 
surface and therefore a poor reflector at microwave 
frequencies, whereas water is a good reflector. 
A of figure 13, shows a point-to-point communi- 
cations installation having an overland trans- 
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Figure 18. Reflected signals from land and waiter. 
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mission path and B shows a similar installation 


with an overwater transmission path. In A, the 
reflected signal is radiated in all directions from 
the point of reflection. Only a small portion of 
the energy reaches the receiving point, and the 
reflected signal may be neglected. In B, the 
water surface acts as a mirror, and the reflected 
signal is of nearly the same strength as the direct 
sional. In general, the reflected signal is unim- 
portant and consequently may be neglected when 
the transmission path lies over land. Although 
the reflected signal is obviously important in the 
case of the overwater point-to-point communica- 
tions system in B, it need not be considered 
necessarily in all overwater microwave installa- 
tions. 


93. Directivity of Transmitting Antenna 


a. Tracking Radars. 


() A tracking radar transmits and receives 
with an antenna having a highly directive 
pattern. The beam is compressed in 
both height and width, and is like a 


searchlight beam. Although it is always — 


possible to draw the path of a reflected 
signal between the radar and the target, 
only a negligible amount of energy travels 
along that path. . 

(2) Figure 14 shows a tracking radar pointing 
at an aircraft. Because of the difference 
in the directions of the direct and the 
reflected paths, little or no reflected signal 
is transmitted to the target. The target, 
of course, returns echoes in all directions. 
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In addition to the echo arriving along 


the direct path, an echo signal arrives 
at the radar by way of the reflected- 


signal path. This, however, is not picked 


up because the antenna is highly direc- 
tional for both transmission and reception. 


(3) If both the tracking radar and the target 


are close to the water surface, it is possible 
to have a situation like that shown in 
firure 13, where the direct and reflected 
paths are in nearly the same direction. 
Here, the reflected signal is important 
in the case of a point-to-point com- 
munication system. 


| (4) In the tracking radar, however, the target 


is moving rapidly and the direct and 
reflected signals cancel at one instant 
and add at another. The average effect 
is nearly the same as though the re- 
flected signal were absent and, conse- 
quently, it may be neglected. It is 


important in the communications system | 


only because both transmitter and re- 
ceiver are stationary, so that the effect, 
whether cancelation or addition, is 
constant. | 


b. Search, Radars. 
(1) The antenna of a search radar has a 


pattern that is very sharp in the hori- 
zontal direction and fairly broad in the 
vertical plane (fig. 15). The result is 
that the reflected signal always must be — 
considered in a shipborne search radar 
or a ground-based search radar that looks 


over water. 
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Figure 14. Dzurect and reflected signal paths for tracking radar. 
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Figure 15. Direct and reflected signal paths for search radar. 


(2) ‘The reflected wave is present, as well, in 


an airborne search radar operated over | 
The target, however, is rela- 


water. 
tively large—a ship or a coast line—so 
that cancelation of: the direct and re- 
flected signals at one point on the target 
is likely to be accompanied by addition 
of the signals at another point. The 
effect of the reflected signal, therefore, 
usually is neglected. 


94. Horizontally and Vertically Polarized 
Waves 


Briefly, land is a poor reflector and water is a 
good reflector at microwave frequencies. Land 
is rough at microwave frequencies, and it reflects 
signals in all directions in much the same way 
_ that a white painted wall reflects light; water is 
smooth, and it reflects signals in the same way as 
a mirror. (It is clear that a white painted wall 
reflects much of the light that falls on it, because 


a room with white walls is much lighter than one 


with dark brown or black walls. It 1s impossible 


however, to see an image, like the images observed © 


in a mirror, by looking at a white painted wall.) 
There is, of course, a great deal of reflection from 
a land surface—every airborne radar operator has 
seen ground returns, or echoes from the ground. 
However, in the case of transmission over land 
between two points, the reflected signal is so weak 
compared to the direct signal that its effects may 
be disregarded. At microwave frequencies, it is 
necessary to consider the reflected signal only in 
an overwater point-to-point communications in- 
stallation, a shipborne search radar installation, 
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and a ground-based search radar installation 
which looks over water. The remainder of this 
section, therefore, is concerned only with the re- 
flection of microwaves from a water surface. 

a. It is possible to distinguish between two 
types of waves, called horizontally polarized . 
waves and vertically polarized waves. The sig- 
nificance of this distinction to the present discus- 
sion lies in the different behavior of the two sig- 
nals on reflection from a water surface. 

b. A radio wave consists of both an electric 
and a magnetic field, each related to the other in 
a definite way. Both exist in the same region of 
space, and both move together at the same veloc- 
ity in the direction of propagation (direction in 
which the wave is traveling). At any one point 
and any one instant, each field has a definite — 
direction and strength. Along the direction of 
propagation, at any one instant, each field varies 


in strength and alternates in direction. A of 


figure 16, represents this variation. 

c. Each solid arrow in A represents the direc- 
tion and strength of the electric field throughout 
a surface called a wave front (par. 17b) perpen- 
dicular to thé direction of propagation. The 


strength of the field throughout the wave front is 


proportional to the length of the arrow, and the 
direction of the field is the same as that of the 
arrow. Similarly, each broken arrow represents 
the direction and strength of the magnetic field 
through such a surface. B shows a small part of 
one wave front of the wave represented in A. 
The entire field contains an infinite number of 
these wave fronts, all moving in the same direction 
and at the same velocity. 

d. As the wave fronts sweep past a fixed point 


in the path of the wave, both the electric and the 
magnetic fields at that point alternate at the 
frequency of the signal, just as the voltage and 


current in an a-c circuit alternate at the generator 


frequency. 7 | 
e. At distances greater than several wavelengths 
from the signal source, the two fields are in phase 
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Figure 16. Horizontally and vertically polarized waves. 





95. Reflection 


signal. 


_ the surface. 


with each other; that is, the electric and the mag- 
netic fields at a particular point reach maximum 
strength at thesame instant. Also, at a particular 
instant, they both have maximum strength at 
the same point, as in A. ~ | 

f. At every point in the path of the wave— 
that is, at every point on every wave front—and_ 


at every instant, the electric field and the magnetic 


field are perpendicular to each other, and both are 
perpendicular to the direction of propagation. — 
g. A horizontally polarized wave is one in which 


the direction of the electric field is horizontal, as 


in A. A vertically polarized wave is one in which 
the direction of the electric field lies in a vertical 
plane containing the path of the signal, as in C. 
It is not necessary that the electric field be vertical, 
but only that it lie in a vertical plane. Thus, if 
the signal path of the wave represented in C is. 
inclined downward, the electric field is not vertical, 
but the wave nevertheless is polarized vertically. 
h. As a matter of interest, the plane containing 
the direction of the electric field also contains the 
radiating element. Thus, a horizontal antenna 
radiates horizontally polarized signals and a 
vertical antenna radiates vertically polarized 
signals. ) | 7 


of Horizontally Polarized 
Signals | | 


a. When a horizontally polarized wave strikes 
a horizontal surface, the electric field is parallel 
to the surface. ‘This causes current to flow in the 
surface, and the current radiates the reflected 
Each portion of the surface radiates 
reflected signals in all directions but, because of 
phase differences, the reflected signals from 
various portions of the reflecting surface cancel 
each other in all directions except the one taken 
by the reflected wave. | 

6. The incident wave (the wave falling on the 
surface) and the reflected wave differ in phase by 
180° at the surface, so that one nearly cancels the 
other. The small electric field remaining after 
cancelation is responsible for the current flow in 
The greater the conductivity of the 
surface, the smaller is the electric field required to 
cause current flow, and tlie more nearly equal is 
the strength of the reflected wave to that of the 
incident wave. Sea water is a good conductor at 
microwave frequencies, and it is usual to say that 
the reflected signal has the same strength as the 
incident signal. A horizontally polarized signal 
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therefore is considered to be reflected from a 
water surface with a phase reversal (a phase shift 
of 180°) and with a negligible reduction in level. 


96. Reflection of Vertically Polarized Signals 


a. The reflection of vertically polarized signals 
from the surface of the sea is much more compli- 
-eated than that of horizontally polarized signals. 
Both the phase and the level (strength) of the 
reflected signal change with the angle between the 
- surface and the directicn of the signal. In addi- 
tion, the mechanism of reflection is more compli- 
cated than it is for horizontally polarized signals. 

6. The direction of the incident signal may be 
specified by an angle called the angle of incidence. 
This is the angle between the path of the signal 
and a line perpendicular to the reflecting surface 
(fig. 17). When a vertically polarized signal 
strikes the surface of the sea at an angle of inci- 
dence close to 90°, the reflected signal is almost 
as strong as the incident signal. As the angle of 
incidence decreases, the reflected signal becomes 
weaker until it is only about one-fifth as strong 
as the incident signal at an angle of 84°; with 
further decrease in the angle, however, the re- 
flected signal becomes stronger again. 
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Figure 17. Angle of incidence. 


cc. When the angle of incidence is nearly 90°, the 
vertically polarized signal also suffers a phase 
reversal on reflection, but the phase change de- 
~ creases to only 90° when the angle of incidence is 
84° and continues to decrease as the angle of 
incidence is reduced further. 

d. These figures apply to the S-band, but the 
same effects are present at both X- and K-bands, 
_ although the figures are different for each band. 
The phase angle or reflection of vertically polarized 
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waves for a given angle of incidence increases with 
an increase in frequency. Consequently, micro- 
wave installations usually operate with horizon- 
tally polarized signals when the reflected signal is 
of importance. 


27. Effect on Communications Installations _ 


a. It already has been pointed out that the 
reflected signal may be neglected in an overland 
communications installation. The effect. in an 
overwater installation is shown in figure 13. 

6. When the direct path ne&drly touches the 
surface of the sea, the direct and reflected paths 
have the same length. Since the reflected signal 
suffers a phase reversal on reflection, it will arrive 


at the receiver precisely out of phase with the 


direct signal and at nearly the same level. The 
result will be almost complete cancelation, and | 
reliable operation will be impossible. | 

c. If either antenna is made higher (or, of course, 
if both are made higher), the direct path clears 


the surface of the sea, and the length of the re- 


flected path is increased. If the increase in height 
is chosen correctly, the length of the reflected path 
will be one half-wavelength longer than that of 
the direct path. This causes a phase difference 
of 180° between the direct and the reflected signals. 
The phase difference resulting from the difference 
in path lengths is added to the 180° phase differ- 
ence which occurs because of the phase reversal 
on reflection, and the two signals will arrive in 
phase and add to each other. Additional increases 
in height cause further increases in the length of 
the reflected path, and this results in successive 
additions and cancelations of the signals. The 
calculation of the best antenna heights for a given 
installation is discussed in paragraphs 29-39. 


98. Effect on Search Radar Installations 


a. Path Drfference. 

(1) The effect of the reflected signal on the 
operation of a search radar is straight- 
forward and can be understood easily by 
referring to figure 18. The radar an- 
tenna is located at A, and the direct path 
extends toward the target in direction 

AB. The reflected signal reaches the 
water at C and then is reflected in direc- 
tion CD. Since the target is far distant, 
directions AB and CD are essentially the 
same. The effect is as though another 
radar were located at E, a point just as 


far below the reflecting surface as the 
actual radar at A is above the surface. 
Distance AE then is equal to 2H, where 
H is the height of the radar antenna 
above the reflecting surfaces. Triangle 
AEC is an isosceles triangle, in which 
distance EC is equal to distance AC. 
Therefore, the length of the reflected path 
is not altered if it is assumed that the 


reflected signal originates at the image 


radar located at E. 


ed 
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Figure 18. Path difference for search radar. 


(2) Because of the phase reversal on reflec- 


tion, however, the signals from the 
image radar must be precisely 180° out 
of phase with those from the real radar. 
The two signals at the aircraft are then 
the same as though they were received 
from the rear radar anditsimage. Next, 
AF is drawn perpendicular to path ED. 
Since AB and FD are parallel, the dis- 
tance to the aircraft is the same, whether 
measured from A or from F. The geo- 
metrical difference in the two path 
lengths then is EF. | 


(3) Because the two transmitters are 180° 


out of phase, the direct and reflected 
sionals will add at the target when EF 
is an odd number of half-wavelengths 
and will cancel when EF is an even 
number of half-wavelengths. There are, 


therefore, certain directions in which the 





radar cannot pick up a target except at 
extremely short ranges. 


b. Vertical Polar Diagram. | 
(1) The combined radiation pattern of the 


actual radar and its image is the result 
of alternate addition and cancelation of 
the direct and reflected signals. It may | 
be plotted on a height-range diagram to 
show the coverage of the radar; such a _ 
plot, called a vertical polar diagram, is 


shown in figure 19. (The construction 


ofa height-range diagram of this sort is 


discussed in par. 36.) 
(2) The parts of the pattern in which the 


radar has good performance (the direc- 
tions in which the signals add) are called 
lobes, and the parts in which the radar 
cannot pick up targets are called gaps. 
The VPD (vertical polar diagram) (fig. 
19) shows, for a radar located 1,000 feet 
above sea level, gaps extending from 70 
to 90 miles at 15,000 feet, from 100 to 135 
miles at 10,000 feet, and so on. There 
is always a gap at the horizon, because 
both path lengths are the same in that 


- direction. 
(3) As the wavelength at which the system 


operates is decreased, the lobes and gaps 
become narrower and closer together. 
This results from the fact that a smaller 
change in direction is required for a 
given change in the phase difference be- 
tween the signals at the target (fig. 18). 
A given change in direction makes a given 
change in distance EF. Such a change, — 
however, may be only a fraction of a 
wavelength at very-high frequencies or 


_ several wavelengths at microwave fre- 


quencies. In practice, the separation of 
the radar and its image, as measured in 
wavelengths, is the determining factor. 
If distance AE is several hundred wave- 
lengths, a small change in direction is | 
still able to change EF by several 
wavelengths. 


(4) The VPD of a vhf radar shows relatively 


wide gaps, because the height of the 
radar may be as little as 8 or 10 wave- 
lengths (the height is one-half of AE). 


At microwave frequencies, however, the 


height of the radar is at least 100 wave- 
lengths, and may be several thousand 
wavelengths. The result is that the 


21 








20,000 


15,000 


HEIGHT (FEET) 


10,000 


§,000 


 SEALEVEL O 


SO 











100 150 200 


es 


RANGE (MILES) 


T™ 673-217 


Figure 19. Vertical polar diagram. 


gaps are so narrow and the lobes are so 
closely spaced on the VPD that the 
general effect is one of uniform vertical 
coverage. In most cases, therefore, the 


29. Radio Line of Sight © 
: a. The path followed by a light wave in traveling 
from one point to another is called the optical 


line of sight between the two points. The path 
followed by a microwave or vhf signal under. 


standard. atmospheric conditions is called the | 


radio line of sight or, less frequently, the microwave 
or vhf line of sight between the two points. For 
most purposes, optical lines of sight may be con- 
sidered. as straight lines. Radio lines of sight, 
except. when they are vertical, curve downward 
slightly (par. 190). | 

6b. It has been explained that the effects of the 


22 


effect of the reflected signal is simply to 
increase the apparent power of the search 


radar. It must. be emphasized, however, | 


that this is not true of vhf radars. 


Section IV. LINE-OF-SIGHT LIMITATIONS — 


reflected signal can be neglected at microwave 
frequencies except in an overwater point-to-point 
communications system. (This is true even in 
the case of an overwater search radar, where the 
level of the reflected signal ordinarily is comparable 
to that of the direct signal.) In an overwater 
point-to-point communications system, successful 
operation requires the existence of a suitable path 
for the direct signal and suitable phase relations 
between the direct and reflected signals at the 
receiving point. In all other cases, successful 
operation requires nothing more than a suitable 
path for the direct signal. (It is assumed, of 


course, that suitable equipment with adequate 
power output for the installation is available.) 

c. Under conditions of standard propagation, 
the direct wave follows a radio line of sight. 
Usually, therefore, it is necessary only to deter- 
mine whether an unobstructed radio line of sight 
connects the two points between which micro- 
wave operation is desired. | 


30. Overland Point-to-Point Communications 
System 


As stated in the preceding paragraph, successful 
operation of a microwave overland point-to-point 
communications system (assuming adequate equip- 
ment) under conditions of standard propagation 
requires nothing more than the existence of an 
unobstructed radio line of sight connecting the 
two points between which operation is desired. 


‘Two ways of determining whether such a line of 


sight exists are by visual inspection of the path, 
or by construction of a profile diagram. 


31. Inspection of Path 


In many cases, particularly where the two points 
are not too far apart, it is possible to make a direct 
inspection of the path. If the proposed position 
of one antenna can be seen (optically) from the 
proposed position of the other antenna, satisfac- 
tory operation usually will be possible. The 
optical line of sight joming the two antenna 
positions is a straight line, whereas radio line of 
sight curves downward. Gansequently, the radio 
line of sight is above the optical line of sight at 
all points except the antenna positions, where the 
two lines of sight coincide (fig. 20). If, therefore, 
there are no obstructions along the optical line 
of sight, and no obstructions above it, the radio 
line of sight will be clear. Itis usual to insist that 


there be no obstructions within 50 feet or so of 


the optical line of sight. 
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Figure 20. Optical and radio lines of sight. 





of the curvature of the earth. 


the tower bases. 


: 32. Profile Diagrams 


a. When it is impossible to inspect the path — 
between two points, or when the results of an 
inspection are not clear, it is necessary to make a 
profile diagram of the path in order to decide 
whether there is an unobstructed radio line of 
sight for the direct signal. A profile diagram is 
nothing more than a picture that shows the height 
of the land along a path between two points. 

6. Consider, for example, two antenna towers, 
each 100 feet high, separated by 20 miles of 
smooth, flat country. A, of figure 21, shows a 
profile diagram based on a flat earth; that is, the 
earth 1s assumed to be flat. The size of the 
diagram, of course, has been reduced; originally, 
it was drawn with a horizontal scale of 2 miles per 
inch and a vertical scale of 100 feet per inch. 
The reason for the different horizontal and vertical 
scales will be discussed later. Since the diagram 
is based on a flat earth, the surface of the earth is 
indicated by a straight line. 

c. B shows the same antennas but takes account 
Referring to 
appendix I, it is seen that the surface of the earth © 
between two points rises a distance equal to S?/6 
feet above a straight line (through the earth) 
between the points, where S is the distance in 
statute miles (of 5,280 feet) between the points. 
For the present instance, S is 20 miles, and S?/6 is 
67 feet. The surface of the earth is shown by an 
arc of a circle, and the arc is chosen so that its 
midpoint is 67 feet above the straight line between 
The distance of 67 feet, like the 
heights of the antenna towers, is measured on the 
scale of 100 feet per inch. 

d. Since this profile diagram, in B, takes into 
account the curvature of the earth, any optical 
line of ‘sight is a straight line. The radio line of 
sight between the antennas curves downward, 
and therefore lies above the optical line of sight. 
The maximum distance between the two lines of 
sight is shown in the diagram as 17 feet, and may | 
be found by the following method. 

e. For working with microwaves, it is desirable 
to use a profile diagram based on a modvfied earth. 
On such a diagram, the radio line of sight, not the 
optical line of sight, appears as a straight line. 
The modified earth has a radius that is four-thirds 
of the radius of the real earth (4,000 miles) and its 
surface therefore is curved somewhat less. It is 
shown in appendix I that the surface of the modi- 
fied earth rises only S?/8 feet above a straight line 
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Figure 21, 


between two points separated by a distance, 8. 


-C shows a profile diagram based on the modified | 


earth. As before, the surface of the earth is shown 
by an arc of a circle, but the midpoint of the arc 
is now only S?/8 feet, or 50 feet, above the line 
joining the bases of the antenna towers. This 
distance differs from the corresponding distance 
of 67 feet on the normal earth diagram shown in 
B by 17 feet, the true maximum distance between 
- the radio and the optical lines of sight. 

jf. The construction of the modified earth Sisal 
diagram in C is equivalent to a distortion of the 
diagram in B, which makes the downward-curving 
earth surface a little less curved—by precisely the 
right. amount to distort the curved radio line of 
sight into a straight line. Therefore, as mentioned 
in paragraph 180, all radio lines of sight drawn on 
a modified earth profile diagram, in C, are ae 
as straight lines. 
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Radio line of sight over flat, normal and modified earth. 


33. Use of Profile Diagram 


a. As an example of the use of a profile diagram, 
consider the following problem: Two relay units 
are to be installed as part of. a microwave point- 


- to-point communications system. Each relay 


system is to serve its purpose. 


unit is designed to receive signals and pass them 
on, so that reliable operation between the two 
units will be necessary if the communications 
Proposed sites 
have been chosen for the units, as shown on the. 
map in figure 22. One relay unit is to be located 
on top of a rocky ridge 1,900 feet above sea level, 
and the other is to be located on a similar ridge 
1,100 feet above sea level. The country between 
the two locations is low except for a wooded ridge 
800 feet above sea level, 50 miles from the higher 
location. Assuming that the antenna towers are 
to be 100 feet high, the antennas will be 2,000 feet 


and 1,200 feet above sea level. The problem is 
this—Can the two relay units operate successfully 
across the wooded ridge between them, or will a 
third relay unit be required ? 


6. The problem is solved easily by referring to | 


the profile diagram in figure 23, which is con- 
structed as follows: Lay out horizontal line AB 
and vertical line CD, making sure that they are 
perpendicular to each other. Using a suitable 
horizontal scale (20: miles to the inch in this 
diagram), lay out the positions of the antenna 


locations and the wooded ridge which is under — 


consideration as a possible obstruction. All hori- 


zontal distances are measured from the center of 


the path. The site of the higher antenna is 
therefore 2 inches to the left of Ei (the intersection 
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of the horizontal and the vertical lines) or 40_ 
miles from the center of the path, at F. The 
lower antenna is at G, an equal distance on the 
other side of E. The wooded ridge is at H, % 
inch, or 10 miles, from E. 

c. Since S, the distance between the two 
antennas, is 80 miles, the height of the midpoint 
of the arc is 800 feet (using value S?/8 which ap- 
plies to the modified earth). Choosing a con- 


venient vertical scale, say 800 feet to the inch, | 


locate I, which is 1 inch, or 800 feet, above E. 
Next, locate J, which is the center of a circle | 
passing through F, G, and I, and draw the arc 
through these points. J is located by trial and 
error. Place the point of a compass somewhere 
on the vertical line below E, set the radius so that 
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Figure 22. Map of profile diagram problem. 
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Figure 23. Profile diagram of problem. 


| the circle will pass through I, and see whether the 
same circle passes through F and G. If it falls 


outside these points, select a new center higher 


up, set a new and shorter radius, and try again. 
If, finally, a circle is obtained which passes through 
F and I but not through G, or through G and I 
but not through F, the original lines, AB and CD, 
are not perpendicular and it will be necessary to 
start again. 


d. Having drawn the arc, locate the higher 
antenna at K by measuring upward 2.5 inches, or 


2,000 feet, from F’. Note that this measurement 
is made in a direction perpendicular to AB, not 
in a direction perpendicular to the arc. Locate 
the lower antenna at L by measuring upward 1.5 


inches, or 1,200 feet, from G. The top of the 


wooded ridge, N, now is drawn in. It is located 
directly above H, and its height is 1 inch, or 800 
feet, above M on the arc that represents the sur- 
face of the earth. The line upward from H may 
be extended an additional 100 feet to allow for 
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the height of the trees. This has been done on 
the drawing, and the extension is shown as a 
dotted line. Finally, draw the radio line of sight 
as a straight line between the two antennas, 
K and L. It is clear from this profile diagram 
that the two relay stations will not operate prop- 
erly unless a third unit is located on top of the 
intervening ridge. 


34, Error in Profile Diagram 


a. The profile diagram shown in C of figure 21, 
is based on a horizontal scale of 20 miles to the 
inch, or 105,600 feet to the inch. It is not prac- 
tical to use the same scale for vertical distances, 
since the midpoint of the arc is only 800 feet 
above the base line, and this would be less than 
1/100 inch on the diagram. When the vertical 
scale is expanded—in this diagram, 800 feet per 
inch—some error is introduced: The error is a 


height error; that is, the arc that represents the 


surface of the earth is not exactly where it should 
be. The error is zero at the center of the arc and 
at each end, and reaches its greatest value at two 
points .15(S) from each end. In the problem 
example given in paragraph 33, S is 80 miles, and 
the maximum error occurs at points 12 miles from 
each antenna. (The distance of 12 miles is 
measured from the end of the are toward the 
center along the straight line.) 

6. The maximum error in feet is (S?/8) (H/W)?, 
where S is the distance in miles between the 
points on which the profile diagram is based, H is 
the height of the midpoint of the arc in inches on 
the diagram, and Wis the width of the arc in inches 
on the diagram. In the example above, S is 80 
miles, so that (S?/8) is 800 feet. His 1 inch (800 
feet on a scale of 800 feet per inch), and W is 4 
inches (80 miles on a scale of 20 miles per inch). 
Quantity (H/W) then is equal to 4 and (Z/W)? is 
¥,. The maximum error, therefore, is 800/16, or 
50 feet. The error at the point of interest is, of 
course, smaller, since the maximum error occurs 
at points only 12 miles from the antennas. If it is 
necessary to reduce the error, a different vertical 
or horizontal scale can be used, so that H/W 
| becomes smaller. 


35. Radar Coverage 


In considering a proposed point-to-point com- 
munications installation, it is necessary only to 
predict whether operation will be possible between 
the proposed sites. In a radar installation, how- 
ever, 
available from a proposed site—that is, the ranges 
at which various targets may be detected. In the 
vhf range of frequencies, coverage may be affected 
by gaps (par. 286), although there are a number of 
methods of filling the gaps. At microwave 
frequencies, the vertical polar diagram is effectively 
free from gaps, and with adequate equipment the 
coverage is limited only by obstructions which 
interfere with the radio line of sight to the target. 


36. Height-Range Diagrams 


Radar coverage usually is shown on a height- 
range diagram such as that in figure 19. Height- 
range diagrams are similar to profile diagrams, and 
they are based on the same mathematics. The 
only important difference is that the equipment 
site is shown at the midpoint of the arc on a height- 


range diagram, because the maximum error in the | 


diagram occurs near the longest ranges instead of 
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it is necessary to predict the coverage — 


20,000 feet. 


near the shortest ones. Since coverage often is — 
different in different directions, a separate height- 
range diagram must be prepared for each direction 
that is of particular interest. A height-range 
diagram usually shows coverage in a single direc- 
tion and is similar to half of a profile diagram. 

a. Referring to figure 24, a height-range dia- 
gram may be constructed in the following steps: 

(1) Draw horizontal line AB and vertical 
line CD, making sure that they are — 

perpendicular to each other. Although. 
any convenient distance may be taken 
as the basis for a height-range diagram, 
200 miles is probably a usual choice. In 
figure 24, a horizontal scale of 50 miles 
to the inch was used, and F is located 4 
inches, or 200 miles, to the right of E, 
the intersection of lines AB and CD. 

(2) Since EF, which is 200 miles, is only half 
of the base line of the equivalent profile 
diagram, the height of the arc is calcu- 
lated using 400 miles for S, so that S?/8 
is 20,000 feet. A vertical scale of 10,000 
feet to the inch has been used in figure 
24, and the next step is the location of G, 

_ which is 2 inches, or 20,000 feet, above E. 

(3) Next, find H (on CD) which is the center 

of a circle passing through F and G, and 
draw in arc GF, which represents the 
surface of the earth. I, J, K, and L are 
located at %-inch (5,000-foot) intervals 
above H, and these intervals are used as 
centers for the 5,000-, 10,000-, 15,000-, 
and 20,000-foot arcs that all are drawn 
with the same radius used for are GF. 

(4) Finally, M, N, and.O are located at 
intervals of % inch, or 50 miles, and the 
vertical range lines are drawn in parallel 
to CD. 

b. The maximum height error occurs at: a range 
.15 (S) to the left of point F. Since S is 400 miles, 
.15 (S) is 60 miles, and the greatest error is at a 
range of 140 miles. The size of the maximum 
error is (S?/8) (H/W)?, where S, H, and W have 
the values (par. 346) associated with the equiva- 
lent profile diagram. Thus, S is 400, and (S?/8) is 
HZ is 2 inches, W is 8 inches (twice the 
width of the height-range diagram), and, therefore, 
(H/W)? is 1/16. Consequently, the maximum 
height error, which occurs at a range of 140 miles, 
is 1,250 feet. The error drops to zero at ranges 
of zero and 200 miles (the midpoint and end of 
the arc). If a vertical scale of 20,000 feet to the 
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Figure 24. Height-range diagram. 


RANGE (MILES) 


TM 673-208 


inch is used (or if the horizontal scale is changed 
to 25 miles to the inch), the maximum error will 
drop to 312.5 feet. 


37. Radar Coverage Over Land 


Figure 25 illustrates the method of showing 
radar coverage on a height-range diagram. This 
diagram is made for a radar sited 2,500 feet above 
sea level. The only significant obstruction in the 
direction for which the diagram is made is a hill 
3,000 feet high at a range of 25 miles. The profile 
of the hill is plotted in the manner described in 
paragraph 33d, height being measured vertically 
upward from the arc representing the surface of 
the earth. A radio line of sight is drawn as a 
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straight line on the diagram, from the transmitter 
through the crest of the hill and beyond. Below 
this line, in the shaded region, there is no coverage 
under standard conditions because of obstruction. 
by the hill. The shaded region at the left, at 
ranges shorter than 20 miles, is a region of poor 
coverage. Echoes from targets in this region may 
be obscured by echoes from the ground. The 
clear region, above the limiting radio line of sight 
and at ranges greater than 20 miles, is the region 
of good coverage. 


38. Radar Coverage Over Water 


A much simpler problem is posed when most of 
the line of sight lies over water. A height-range 
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Figure 25. Radar coverage. 
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diagram seldom is used, because the maximum 
range on a target at a given altitude can be 
calculated easily. | 7 
a. The geometry of the problem is shown in A 
of figure 26. The maximum range, S, is the sum 
of S, and S:, where S; is the distance from the 
radar to the horizon, and S; is the distance from 
the horizon to the target. In order to find S, 
then, it is necessary only to know the law that 
determines the distance to the horizon when the 
height of a point is known. The problem is re- 


duced to the solution of the right triangle, shown 


in B. By Pythagoras’ theorem, 


nn 
RADAR <————-S,) ——__»>«<_—____________ 


(R+ Hh) = P48? 
R?-42RH,+H?2= R482 
2RH,+H?=S2 
S?=H,(2R+H)) 


Since Ai, (the antenna height) is negligibly small _— 
compared to 2f (twice the earth’s radius), the 
second factor on the right (2R+AH,) is nearly 
equal to 2h. Therefore, (2R-+H,) may be re- 
placed by the approximation 2, so that 


S2—2RH, 


TARGET 





8 


TM 673-210 


Figure 26. Distance to horizon. 


30. 


This equation is satisfactory if S,, R, and H; are 
in the same units. 
are expressed in miles, whereas A, is in feet. 
HT, must be reduced to miles by the factor 1/5,280, 
since a foot is equal to 1/5,280 mile, and thus the 
equation becomes : 


Sv: = 2 RH,/5,280= RH, /2,640. 


b. To determine the distance to the optical 
horizon, F is set equal to 4,000 miles and 


S,°=H,(4,000/2,640) 


= 7, (500/330) =A, (50/33) 
S1'= (100/66) | 


- The quantity, 100/66, is nearly equal to 3/2, or 
1.5, so that, by approximation, 


S’=1.5H;, 


c. To determine the distance to the radar hori- 
zon, & is replaced by 4/3 times 4,000 miles, and 
1.5 must be replaced by 4/3 times 1.5, or 2.0. 
The equation then becomes 


S°=2AH, 


For a point at a height H above the water, then, 
the optical horizon is at a distance S; equal to 


/1.5H;, or 1.23-/H;, and the distance to the radar 
horizon is -/2H,, or 1.41-/H;. Similarly, the radar 
distance, So, is 2H», or 1. ee The range of 
the radar, finally, is 


S=S,+So= v2. i+ -y2Hz 
d. Suppose, for example, that the radar is set 


at a height of 50 feet, and the target aircraft is at 


an altitude of 5,000 feet (A of fig. 26). The range 
from the radar to the horizon is §,; this is calcu-+ 
lated by taking the square root of twice thé 
antenna height, or /2H;. The range from the 
horizon to the target is S:; this is calculated by 


However, S; and £ generally 


for nonstandard conditions. 


taking the square root of twice the altitude of the 


target, or /2H>, and where 2H, equals 100 feet 
and 2H, is equal to 10,000 feet. The maximum 
possible range will be 


¥100-+-+10, 000=10-+100=110 miles 


39. Ouciwatet Point-to-Point Communications 
Systems 


In an overwater point-to-point communications 
system, the reflected signal is important. It is 
necessary, therefore, in choosing antenna heights 
for a proposed installation, to make sure that the 
direct and reflected signals do not cancel each 
other at the receiving point. It is possible, of 


- course, to calculate the best antenna heights for 


use under standard conditions, but the computa- 
tion is tedious and the results will not be correct 
Under the circum- 
stances, antenna heights may be chosen by the 
rule-of-thumb method described here. Choose 
tentative antenna heights H , and H, which satisfy 
the relation, 


where Hi, and H 2 are in feet, and S is the distance 
between the proposed sites in miles. Next, 
calculate a correction height, h, where 


| h=660VS/F. 


Sis defined above, f is the frequency of operation 
in me per second, and f/ is in feet. The required 
height for each antenna is, then, the sum of the 


tentative height and the correction height, so 
that, by this rule, the antenna heights should be 


(H,+h) and (H,.+hA). If these values are incon- 
venient, choose new tentative heights and make a 
new computation. 


Section V. OTHER LIMITATIONS ON MAXIMUM RANGE 


40. Maximum Ranges 


In general, communication between two points — 


is impossible when no path exists for a direct signal: 
This statement now can be phrased as follows: 
Communication between two points is impossible 
unless an unobstructed radio line of sight exists. 
This does not mean, however, that communication 
is automatically possible whenever the line of 
sight is clear. Even with a clear line of sight, the 





signal level may be too low to be useful because of 
insufficient transmitter power, inadequate receiver 
sensitivity, or poor reflection from the target (in 
the case of a radar). Besides this, there is always 
the possibility that the direct and reflected signals 
will arrive at the receiving point with nearly the 
same amplitude and with a phase difference of 


180°. In this event, they will cancel each other, 
and communication will be impossible. Finally, 
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various atmospheric effects may cause the cur- 
vature of the path followed by the signals to vary 
or may attenuate the signal severely so that 
communication is not possible. 


41. Maximum Range of Point-to-Point Com- 
munications System 


The maximum range over which a point-to-point 
communications system can operate reliably 
usually is limited by line-of-sight considerations. 
That is, the problems of long-range operation 
usually reduce to a question of finding satisfactory 


transmitting and receiving sites and building © 


antenna towers that are sufficiently tall. With 
hehtweight or portable equipment, however, it 
happens occasionally that the maximum reliable 
operating range is limited by considerations of 
available signal power. It is difficult to compute 
the maximum range over which a given system 
will operate reliably, but it can be shown that the 
-maximum range depends on the characteristics of 
the system. , 

a. Power Density at Recewing Site. For any 
type of equipment, the power delivered to the 
receiver is proportional to the power picked up 
by the receiving antenna. This, in turn, is pro- 
portional to the area of the receiving antenna and 
to the power density (power per unit area in a 
plane perpendicular to the direction of propaga- 
tion) at the receiving site. 
the transmitting equipment, therefore, is meas- 
ured in terms of power density delivered at the 
receiving site, and this is proportional to P ,A/R?, 
where P, is the power output of the transmitter, 
A is the area of the transmitting antenna, and & 
is the distance from the transmitting site to the 
receiving site. P,1is entered in the expression as 
the first power in the numerator, since doubling 
the transmitter power will double the power 
density. A is equally logical. For-example, if 
the width of the transmitting antenna is doubled, 
the width of the radiated beam will be halved. 
Therefore, the power in the beam will be dis- 
tributed over one-half of the original area. This, 
of course, doubles the power density, and doubling 
the antenna width doubles the area of the antenna. 
The explanation of f is a little more complex. 
Doubling the frequency halves the wavelength 
and allows the antenna dimensions to be halved 
without altering the radiation pattern. If, there- 
fore, the frequency is doubled, the antenna area 
may be cut to one-fourth of its original value (by 
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The effectiveness of | 





halving both of its dimensions) without altering 
the power density. Following this, the antenna 
area may be quadrupled by restoring the antenna 


to its original size, and this will quadruple the 


power density. The power density thus is quad- 
rupled by doubling the frequency, if the antenna 
area is unchanged. Finally, 2 is in the denomi- 
nator as the second power, since doubling the 
range to the receiving point quadruples the area 
covered by the beam at the receiving point and 
cuts the power density to one-fourth. As stated 
before, the power density delivered at the receiving 
site is proportional to P,A/R’. 

6b. Power Delivered to Receiver. The power 
delivered to the receiver for a given power density 
is proportional to the.area of the receiving antenna, 
since the larger the antenna the greater the amount 
of power intercepted. Therefore, since the power 
density delivered at the receiver site is proportional | 
to P,A/R?, the power delivered to the receiver is 
proportional to P,Aaf?/h’, where a is the area, 
of the receiving antenna. | 

c. Maximum Operating Range. 

(1) If the power delivered to the receiver is 
termed p, the expression above may be 
stated thus: ae 
» is proportional to P ,Aaf?/R? 

The minimum usable receiver power, 7’, 
will be delivered to the receiver at the 
maximum reliable operating range, R’, 
where | 

p’ is proportional to P,Aaf?/R” 

and, by inversion, | 

R’” is proportional to f?AaP/p’ © 

From this, it follows that 

R’ is proportional to f./AaP/p’ 

(2) On the basis of these equations, the maxi- 

mum reliable operating range theoreti- 
cally can be doubled by doubling the 
frequency. Practically, this is not true, 
because bad weather affects high- 
frequency signals more than it affects 
low-frequency signals. This offsets the 
increase in Maximum range to some 

extent, and even may make matters 
- worse if the frequency is raised too far. 
In relation to other quantities, the 
expression is more reliable. ‘T’o double 
the maximum range by a change in a 
single quantity, it is necessary to quad- 
ruple the area of one of the antennas, — 
making either A or a four times as large 
as before; to quadruple the power output 





of the transmitter, making P four times 


as large as before; or to quadruple the 
power sensitivity of the receiver, making 
p 
The. improvement, however, will be 
offset slightly by the fact that atmos- 
pheric effects will be more pronounced 
over the longer path when the range is 
increased. 


42, Maximum Range of Radar System 


The maximum operating range of a radar sys- 
tem normally is limited also by line-of-sight con- 
siderations. As with communications systems, 
however, lightweight or. portable equipment may 
have its maximum range limited by considerations 
of signal power. The dependence of the maxi- 
mum range on the system characteristics is easy 
to derive, since it follows directly from the 
expressions found in the preceding paragraph. The 
power density at the target is, as before, propor- 
tional to P,A/R?. This could be multiplied by 
the target area to find the power falling on the 
target. Instead, it is multiplied by a quantity 
called the effective target area in order to obtain 
the power in the portion of the reflected signal 
that travels back toward the radar. If the 
effective target area is 6, the target acts like a 
transmitter with a power density proportional to 
P ,Abf?/R?. This expression then is divided by 
Ff? to obtain P,Abf?/R*, which is proportional to 
the echo power density at the radar. Finally, 
it is multiplied by A, the area of the radar antenna, 
to obtain P,A*bf?/R*, which is proportional to 
the echo power picked up by the radar antenna. 
Then, as before, | 


p is proportional to P ,A2bf?/F*, 
p’ 1s proportional to P,A?0f?/h”, 
f’* is proportional to f?A*bP/p’, 


and the maximum range of the radar is propor- 
tional to Vf2A2bP/p’. It is important to note 
in this expression that the maximum range varies 
as the fourth root of P/p’. 
10-percent change in the power output of the 
transmitter in the power requirement of the 
receiver will make only a 2.5-percent change in 
the maximum range on targets of a given type. 


43. Summary 


a. At low and medium frequencies, communi- 
cation usually is possible between two points if a 


only one-fourth as large as before. 


Because of this, a 


sufficiently powerful transmitter and an ade- 
quately sensitive receiver are available. At 
microwave frequencies, communication is impos-_ 
sible unless the microwave signals also have an 
unobstructed path, because the sky wave signal | 
is not present at these frequencies. The ground 
wave signal occasionally is present, but it is of 
no practical importance. Communication be- 
tween two points therefore is dependent on the 
direct signal. 

b. The path followed by a microwave signal 
curves slightly downward under normal atmos- 
pheric conditions. Such a path is called a radio 
line of sight, as distinguished from an optical line 
of sight, which is a straight line. Communica- 
tion between two points is possible only when 
there is an unobstructed radio line of sight joining 
one point to the other. _ & 

c. Under certain atmospheric conditions, the 
curvature of the radio line of sight is altered. 
Such conditions are called anomalous conditions, 
and propagation thereunder (along paths having 
nonstandard curvature) is called anomalous prop- 
agation. The usual effect of anomalous propaga- 
tion is to increase the maximum possible range of. 
microwave operation by making it possible for 
signals to reach points beyond the horizon. This 
results from an increase in the curvature of the 
radio line of sight. Occasionally, the effect is in 
the opposite direction. The curvature is reduced, 
and the radio line of sight even may curve upward. 
Microwave operation under such conditions is 
nearly impossible, but such conditions are rare. 

d. X-band and K-band signals are scattered by 
rain or snow, and long-range radar equipment — 
normally operates in the S-band to avoid this 
difficulty. Short-range equipment, however, nor- 
mally operates in the X-band in order to make > 
use of the greater directivity available at the 
shorter wavelengths from the antennas of reason- 
able size. | 

e. Microwave communication is primarily by 
means of the direct signal. The reflected signal 
is present at an appreciable level in overwater 
operation, but may be neglected: except in the 
case of overwater point-to-point communications 
systems. | 

f. The performance of a point-to-point commu- 
nications system between two given points may 
be predicted by constructing a profile diagram of 
the path. This makes use of a distorted earth, 
having four-thirds the radius of the actual earth. 
A radio line of sight, when plotted on such a 
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diagram, appears as a straight line. A similar 

diagram, called a height-range diagram, is used 
for predicting the coverage of a radar at a given 
site. For predicting overwater operation, it is 
more convenient to make use of formulas that are 
he in the text. 

. In most cases, the maximum range of micro- 
mee equipment is limited by line-of-sight consid- 
erations. With portable equipment, however, 
transmitter power is occasionally the limiting 
factor. Given an unobstructed line of sight, the 
maximum range for point-to-point operation is 
proportional to the square root of the transmitter 
power and the maximum range for radar operation 
is proportional to the fourth root of the transmitter 
power. | 


44. Review Questions 


a. Reliable operation over distances of 100 miles 
or less generally is possible with radio systems 
operating below 30 mc per second. Is ‘this the 
case with microwave systems? 

b. Name several factors affecting the microwave 
propagation characteristics of a path between two 
- points. 

c. Name the four signals involved in the trans- 
mission of energy at radio frequencies from one 
point to another. Need all four signals be 
present ? 

d. Which signal is of primary importance to 
microwave installations? What is the path it 
takes? 

e. In what way will energy arriving along a 
reflected-signal path over water differ from a 
similar path over land? Why? 

f. Assume a strong direct signal and a strong 
reflected signal between two points. Is the com- 
bined signal level at the recelving end necessarily 

high? 
- g. When the phase difference between direct and 
reflected signals is 180°, is the combined signal 
stronger or weaker than the direct signal? 

h. From what is the sky wave signal reflected ? 

i. Name three atmospheric factors on which the 
speed of a microwave signal depend. 

j. Is the path of a microwave signal straight? 
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the pattern are called lobes and gaps. 


k. Under normal atmospheric conditions, does 
the path of a microwave signal curve upward or 
downward ? | 

i. What is the propagation of radio waves called 
when atmospheric conditions are abnormal? 

m. What type of nonstandard atmospheric 
conditions is likely to persist for any length of 
oe 

. What two abnormal atmospheric conditions 
are ee to microwaves ? 

o. Do absorption and scattering affect nine 
operation particularly ? 

p. On a point-to-point communication system, 
with a transmission path lying over land, is the 
reflected signal important ? 

q. When a horizontally polarized wave strikes 
a horizontal surface, is ee electric field parallel 
to the surface? 

r. Does sea water reflect signal with the same 
strength as the incident signal? What is the 
phase shift of the reflected signal with reference 


to the incident signal ? 


s. Define angle of incidence as applied to a - 
vertically polarized signal. 

t. If the reflected signal of a point-to-point 
communication system over water arrives at the 
receiver precisely out of phase with the direct 
signal, is reliable operation of the system possible? 
How may the condition be remedied ? 

u. On a vertical polar diagram, two parts of 
In which 
of these can a radar pick up targets? | 

v. How does a radio line of sight differ from an 
optical line of sight? 

w. The radius of the real earth is 4,000 miles. 
What is the radius of the modified earth? Why 
is the modified earth radius convenient to use on 
a modified earth-profile diagram ? 

xz. On what kind of diagram is radar coverage 
ae shown? | 

y. If the radio line of sight between two points 
is obstructed, is communication possible? 

z. If the frequency of a microwave communica- 
tions system is doubled and the receiver antenna 
remains the same size, is the power density doubled — 
or quadrupled ? | 



















































































~ CHAPTER 3 
MICROWAVE TRANSMISSION SYSTEMS 





Section |. COAXIAL LINE 


_ 45. Guided and Unguided Waves 


When discussing the operation of radio and 
radar systems in the vhf region and at lower | 


frequencies, it is customary to think of energy as 
being carried through space by electromagnetic 
~ waves and along transmission lines by voltages 
and currents. The voltage-current concept ob- 
viously is applicable in such conventional transmis- 
sion systems as two-wire and coaxial lines, since 
both voltage and current can be measured readily. 
It is difficult, however, to apply the concept to a 
waveguide, which consists of a single hollow con- 
ductor on the outer surface of which neither 
voltage nor current can be detected. Although 
it is possible to understand the way a waveguide 
works in terms of voltages and currents, a clearer 
concept is gained by thinking of the energy as 
being carried by electromagnetic waves traveling 
inside the waveguide. The same approach, of 
course, can be applied to conventional transmis- 
sion systems by considering the electromagnetic 
waves that accompany the voltages and currents 
on the line. In making use of the wave concept, 
it is desirable to distinguish between guided and 
unguided waves. Guided waves are those that 
carry energy along transmission lines, and un- 
guided waves are those that carry energy through 
space. The path of a guided wave is fixed by the 
guiding structure; that of an unguided wave is 
determined by the propagation characteristics of 
the region through which it travels. The signals 
radiated from an antenna are unguided waves, 
even though the antenna may be highly directional 
because the antenna controls only the direction 
in which the waves are launched—not the direc- 
tion of subsequent travel. 


46. Types of Transmission Lines 


The normal transmission systems used at 


microwave frequencies use either coaxial line or — 


hollow waveguide. A coaxial line is smaller and 
lighter than a waveguide but it has higher losses, 
except at S-band frequencies near 3,000 mc per 
second where the losses in short sections of 
coaxial line are not much greater than those in 
hollow waveguides; normally, coaxial line is used 
for distances less than 15 feet, and waveguide for 
longer runs. At X- and K-band frequencies near 
10,000 and 30,000 mc per second, the losses of 
coaxial line are far greater than those of waveguide, 
and, except for applications like coupling the local 


oscillator of a superheterodyne receiver to a wave- 


guide transmission system, coaxial line seldom is 
used. The length of such a coaxial line normally 
does not exceed 1 or 2 inches. Two-wire trans- 
mission lines (and one-wire lines in which the 
ground serves as the second conductor) radiates 
strong signals, unless the spacing between con- 
ductors is much less than a wavelength of the 
signal being carried; such small spacing is difficult 
to achieve at microwave frequencies however, and 
lines of this sort are not used. In addition to 
hollow waveguide, which guides an electromag- 
netic wave along its interior, a type of single- 
conductor transmission line called surface wave- 
guide, or G-line, sometimes is used at microwave 
frequencies. A G-line guides a wave that travels 
through the region surrounding the one-wire line, 
and, like waveguide, it requires no _ second 
conductor. 


47. Use of Coaxial Line at Microwave Fre- 
quencies 


Coaxial line has only two important applications 
at microwave frequencies; it is used as transmission 
line in the S-band over distances of approximately 
15 feet or less, and in the X- and K-bands over 
distances of approximately 2 inches or less. Its 
merit for S-band operation lies in the fact that it 
is lighter and less bulky than waveguide and, 
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although its losses are greater than those of wave- 
guide, the difference in loss is not significant for 
short runs. For longer runs, over 15 feet, wave- 
guide generally is used. In the K- and X-bands, 
coaxial line is used to couple the output of low- 
powered oscillator to waveguide transmission 
lines, since it is fabricated and handled more 
easily than waveguide. However, in these bands, 
the losses of coaxial line are so much greater than 
those of hollow waveguide that it never is used 
for the main transmission lines of an installation. 

a. S-Band Coaxial Line. To keep losses as 
low as possible, S-band coaxial line uses air as an 
insulator between the inner and outer conductors. 
The line usually is filled with dry air, and the 
pressure inside is held at approximately 5 pounds 
per square inch above atmospheric pressure, so 
that any leak results in the loss of dry air rather 
than an invasion of outside air, which may be 
moist. The use of conventional insulating ma- 
terial (other than air) is avoided by employing 
short sections of coaxial line to support the center 
conductor of the main line (fig. 27). If a trans- 


mission line is exactly one quarter-wavelength and © 


is terminated in a short circuit, its input impedance 





Figure 27. Coaxial line with quarter-wave stub supports. 


is extremely high. The supports, called quarter- 
wave stub supports, are sections of this type. 
Their impedance at the operating frequency is so 
high that they do not affect the characteristics 


of the line, although at most other frequencies — 


they look like low-impedance shunts across the 
line, and for direct current they look like a short 
circuit. Because of this type of construction, 
coaxial line is rigid, and joints must be provided 
wherever one section of line moves while an ad- 
jacent section is stationary. 
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b. X- and K-Band Coaxial Line. A typical use 
of coaxial line in the X- and K-bands is illustrated 
in figure 28, which shows a type 723A/B oscillator 
tube for X-band operation. The tube has a 
conventional octal base, and the coaxial line re- 
places one of the pins. The corresponding loca- 
tion at the socket is left clear so that the line can 
project through the socket and into the waveguide, 
as shown in figure 29. The coaxial line thus serves 


as a coupling betwen the tube and the trans- 
Here, the coaxial line consists of 


mission line. 








Figure 28. Coaxial line as part of X-band 723. A/B oscillator 


tube. a | 






































Figure 29. Coagial-line coupling from 723A/B tube to 


waveguide. 


silver inner and outer conductors with a solid in- 
sulator of polystyrene. The outer conductor is 
terminated at a point even with the upper surface 
of the waveguide, and the inner conductor is 
extended into the guide; the polystyrene in- 
sulator also is extended and serves to protect the 
rather fragile inner conductor. The extended inner 
conductor acts as an antenna and radiates energy 
into the space inside the waveguide. The losses 
in such a coaxial line are relatively high, but over 
such a short distance they are not important. 


48. —— and Magnetic Fields in Coaxial 
Ine : 


Although the behavior of a conventional trans- 
mission line is explained adequately in terms of 
voltages and currents, the electric and magnetic 
fields associated with these should be examined in 








order to establish a background for the explanation 


of waveguide behavior in paragraphs 49-57. In 


a—d below, it is assumed that the line is a coaxial 
line having no losses. | 

a. Electric Field. At any point in the space 
between the coaxial-line conductors, an electric 
field is directed from the positive conductor to the 
negative conductor. At a given point, the 
strength of the field is proportional to the voltage 
difference between the conductors; for a given 
voltage, the strength of the field is inversely pro- 
portional to the distance between the axis of the 
line and the point in question. In A of figure 30, 
the arrows show the direction of the electric field 
when the outer conductor is positive and the inner 
conductor is negative. B shows the falling off of 
field strength as the distance from the center of 
the inner conductor increases; a stronger field is 
indicated by darker shading. | 





Figure 30. Coazial-line electric field. 

b. Magnetic Field. The direction of the mag- 
netic field in a coaxial line is always tangent toa 
circle the center of which is on the axis of the line, 
as shown in A of figure 31. At a given point, the 
strength of a magnetic field is proportional to the 





Figure 81. Coaaial-line magnetic field. 
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Figure 82. Coazxial-line combined electric and magnetic fields. 


current flow; for a given current, the strength of 
the magnetic field varies inversely with the dis- 
tance from the axis of. the line, as shown in B 


7 (just as the strength of electric field varies). 


Reversing the direction of the current causes a 
reversal in the direction of the magnetic field. 

-¢. Combined Fields. Figure 32 shows the com- 
bined electric and magnetic fields in a coaxial line: 
that is carrying a signal in only one direction. 
The line is shown cut in half along its axis, and 
the plane along which it is cut has been shaded to 
show the strength of the fields. The signs and 
arrows above the line show the sign of the voltage 
on the outer conductor and the direction of current 
flow in the outer conductor. The straight arrows 
to the right of the shaded cut section show the 
direction of the electric field, either toward or 
away from the center conductor. The curved 
arrows to the right show the direction of the mag- 
netic field, either clockwise or counterclockwise 
around the inner conductor. The line was assumed 
to be lossless, so that the characteristic impedance 
Z, is a pure resistance. Voltage and current are 
_ then in phase, and peak voltage and peak current 
at a given point occur at the same time. Similarly, 
both voltages and current vanish simultaneously 
at a given point. Since E equals JR at all points 
on the line (where B is the resistance that is equal 
to Z,), the voltage is always proportional to the 
current and the electric field is always proportional 
to the magnetic field. The same shading then 
serves to show the strength of both fields. 

d. Electromagnetic Wave. A of figure 33, shows 
the strength and direction of the electric and 
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magnetic fields for points lying on a line parallel 
to the path of an electromagnetic wave traveling 
through space. The direction of the electric field 
or the magnetic field at any point is shown by the 
direction of the arrow the tail of which lies at the 
point in question. (One arrow shows the electric 
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Figure 83. Hlectromagnetic waves in space and in coaxial 


line. 


field; the other shows the magnetic field.) The 


strength of the field is shown by the length of 


the arrow. In the same way, B shows the electric 
and magnetic fields for points on a line parallel 
to the axis of a coaxial transmission line. From 


the similarity in the two field arrangements, it. 


can be seen that the fields in the coaxial line form 
an electromagnetic wave which travels through 
the space between the inner and outer conductors 


in exactly the same way that an electromagnetic 

wave travels through unobstructed space. It is, 
therefore, easy to think of energy as being carried. 
down the coaxial line by an electromagnetic wave 
(although, of course, it is even easier to think of it 
as being carried by voltage and current). In the 


following section, the electromagnetic wave con- 


cept is used to explain how energy is carried 
through the space inside a hollow waveguide. 


“Section Il. WAVEGUIDES 


49. Types of Waveguide 


Although any transmission system serves as a 


guiding structure for guided waves, the term 


waveguide is reserved for the type that consists of 
a single hollow conductor. Although a wavecuide 
may have almost any shape, the two types in 
common use are those having rectangular and 
circular cross sections (fig. 34). The character- 
istics of the rectangular waveguide shown in A 
are determined by the height and width. These 
dimensions are always the inside measurements, 
the smaller of the two customarily being taken as 
the height, even though it may lie in a horizontal 
plane. The characteristics of the circular wave- 


_ guide shown in B are determined by the diameter, 
which is always the inside measurement.. 





Figure 84. Rectangular and circular waveguides. 








50. Transmission in Rectangular Waveguide 


Although a rectangular waveguide can carry 
energy In many ways, only one way, the simplest, 
is usual in practice. In this case, vertically polar- 
ized waves travel down the waveguide along paths 
that are parallel to the top and bottom of the 
culde. ? | | 

a. Terminology of Rectangular Waveguide. As 
stated in the preceding paragraph, the electrical 
characteristics of a rectangular waveguide are de- 
termined by the inside dimensions (fig. 35). 





Figure 35 Rectangular waveguide dimensions. 


Whatever the orientation of the waveguide, it is 
customary to call the shorter dimension the height, 
and the longer one the width. Following this 
thought, the longer walls of the waveguide are 
called the top and bottom, and the shorter walls 
are called the sides. Vertical polarization as ap- 
plied to an electromagnetic wave wn a rectangular 
waveguide, therefore, means that the electric field rs 
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parallel to the shorter dimension of the guide. The 
small letters @ and 6 customarily are used to denote 
the height and width, respectively, when referring 
to rectangular waveguide dimensions. _ 

b. Paths of Waves. The paths followed by the 
electromagnetic waves are shown in figure 36. A 
is a side view, with the wave paths parallel to the 
top and bottom walls of the waveguide. B is a 
top view of the paths. All of the paths make the 
same angle, B, with the sides of the waveguide. 
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Figure 36. Paths of waves in rectangular waveguide. 


c. Determination of Angle B. Angle B cannot 
be chosen arbitrarily. Instead, it depends on }, 
the width of the waveguide, and on }, the wave- 
length of the signals. The relationship is given 
by the equation, 

sin B=)/20. 


This equation results from the fact that propaga- 
~ tion is impossible unless all signals traveling in a 
given direction reinforce each other. 
tion is derived easily from consideration of the 
diagram shown in figure 37. Consider a signal 
that passes through C moving to the left. It is 
reflected from the left-hand wall at D, from the 
right-hand wall at E, and finally moves in direction 
_EF, which is parallel to the original direction, CD. 
A wave front is always perpendicular to the path 


of a wave, and since DH is perpendicular to CD, 


DH is a wave front for signals moving to the left. 
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The equa-_ 


As explained in paragraph 176, the phase of a 
signal is the same at all points on a wave front. 
A signal moving to the left through H is, therefore, 
in phase with the incident signal at D. If energy 
is to be propagated down the waveguide, the re- 
flected signal at E must have the same phase as 
the signal moving to the left through I, since both © 
are on a wave front perpendicular to EF. Other- 
wise, the signals will cancel each other after travel- 
ing a short distance through the waveguide. Since 
the electric field of the signals is parallel to the 
reflecting wall, there is a phase reversal at D and 
another one at E. The signal behavior on reflec- 
tion is the same as that of a horizontally polarized 
signal reflected from the surface of the sea, as 
described in chapter 2. However, it does not 
matter whether this is the case, since two phase > 
reversals have a net effect of zero. To have the 
desired phase relations, angle B must have a value 
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Figure 37. Geometry of equation for determination of angle 


which makes path DE an integral (whole) number 
of wavelengths longer than path HI. GJ is equal 
to DE, since G lies opposite D, and J lies opposite 
EK. The requirement for propagation of energy is, 
then, that HI and GJ differ by an integral number 
of wavelengths. 
HI is the sum of GH and IJ, and each of these 
distances is equal to 6 sin B. The condition for 
propagation, then, is that 


2b sin B=nd 


where 7 is an integer (1, 2, 3, and so on). 
the simplest case, which is the one under discus- 
sion, 2 is equal to 1 and the equation given above 
immediately reduces to | 


sin B=)/26, 


when 1 is substituted for n. It must be empha- 
sized that the waveguide will carry energy only 
for certain values of angle B, because the signals 
cancel for other values of that angle. This has 
nothing to do with attenuation or losses; it is 
similar to the directive effect of an antenna that 
does not radiate in directions for which signals 
from various portions of the antenna cancel each 
other. 


51. Field Patterns in Rectangular Waveguide 


The patterns of the electric and the magnetic 
fields in the rectangular waveguide may be found 
by adding the fields belonging to the two sets of 


electromagnetic waves—those moving to the left. 


and those moving to the right. This may be 
done separately for the electric and the magnetic 
fields. 

a. Spacing of Wave Fronts. 'To construct the 
field patterns, it is necessary to know the spacing 
in the waveguide between two wave fronts having 
a phase difference of 1 half-cycle. This is devel- 
oped in the diagrams shown in figure 38. Here 


CD is a line drawn across the waveguide and CE 


is a wave front of the signal that is moving to the 
left. The-discussion in paragraph 50c, has shown 


that DF (which corresponds to GH in fig. 37) 


must be 1 half-wavelength in the simple case (for 
whichnis1). Wave front DG in figure 38 is there- 
fore 1 half-cycle different in phase from wave 
front CE. A shows a fairly wide waveguide, and 
-B shows a narrow waveguide. | 
b. Pattern of Electric Fields. Figure 39 il- 
lustrates the way in which the electric fields 
combine. 
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A shows the electric fields of the waves 
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Figure 88. Spacing of wave fronts. 


that are moving to the left, and B shows those of 


the waves moving to the right.. In each illustra- 
tion, the direction of the electric field is indieated 


by the notes beside the figure, and the strength | 


of the field is shown by the darkness of the shad- 
ing. C shows the combined fields that are 


obtained simply by adding the fields of the two _ 


sets of waves. 


c. Pattern of Magnetic Fields. Figure 40 illus- 


trates the way in which the magnetic fields com- 


bine. When adding these fields, it is necessary 
to consider the relative directions of the individual 
fields, in the same way that, when adding two a-c 


voltages, it is necessary to consider the relative 


phases. The direction of the magnetic field is 


shown, in A and B, by small arrows next to the 


waveguide, and in C, by arrows superimposed on — 


the shading. The strength of the fields is in- 
dicated by the darkness of the shading. ; 

d. Combined Pattern. of Electrig. Ont Mignetic 
Fields. The combined pe,ttern of the electric and 
magnetic fields is (chown j in figure 41. Here, the 
strength of the electric field is indicated by the 
darkness of the shading and the direction is given 
as a note begide the waveguide. The character 
of the magnetic field is indicated by the closed 
loops. ~ “The arrowheads on these loops show the 


direction of the magnetic field, and the spacing of 
the loops indicates the strength of the magnetic 


field; closely spaced loops indicate a strong field. 
The magnetic field pattern is shown more pre- 
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Figure 89. Pattern of electric fields. 





Figure 40. Pattern of magnetic fields. 


cisely in C of figure 40. At both side walls, the 
electric field vanishes and the magnetic field is 
longitudinal (parallel to the axis of the waveguide). 
Midway between the side walls, the field is the 


same as in Unobstructed space, both electric and 
magnetic fields being~-transverse (perpendicular 


to the waveguide axis). Aj intermediate points, 


fields of both sorts are present with reduced 


strength, the longitudinal and transverse mag- 
netic fields adding to produce a combined mag- 
netic field that is neither transverse nor longi- 
tudinal. | . ne | 7 


—e.- Details of Combined Pattern. At any pent 
inside the waveguide, sinusoidally oscillating fields | 


will be observed as the field pattern travels down 
the guide past the point of observation. . The 
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character of the observed ‘fields depends only on 
the distance between the point of observation and 
the side wall of the waveguide. At a point mid- 
way between the side walls of the waveguide, the 
electric field, A, and the transverse magnetic 
field, B, vary, as shown in figure 42. The two 
fields are in phase with each other, the peak in- 


tensity of the electric field occurring at the same 


instant as the peak intensity of the transverse 
magnetic field. No longitudinal magrretic field is’ 
observed at a point midway between the side 
walls. At a point somewhere between the center 


of the guide and one of the side walls, the fields 


vary, as in A and B of figure 43. This figure 


shows the fields for a point between the center of 
the guide and the right-hand side wall. For a 


a 


point between the center of the guide and the 


left-hand wall, the observed fields are the same — 


as those in figure 43 except that the phase of the 





Figure 41. Combined pattern of electric and magnetic fields. 
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Figure 42. Field observed midway between side walls. 
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Figure 48. Fields observed at point between center of guide 
| and right-hand wall. 


longitudinal magnetic field, in C, is reversed. At 
both side walls, the longitudinal magnetic field is 
present but both the transverse magnetic field 
and the electric field vanish. If the amplitude 
of the oscillating field is plotted against distance 
from the side wall of the waveguide, the resulting 
curve is half of a sine wave (fig. 44). For this 


reason, the pattern sometimes is called a half-sine 


pattern. The electric and the transverse mag- 
netic fields vanish at both walls, as in A. The 
longitudinal magnetic field vanishes at the center 
of the guide, as in B, and it has opposite phases in 
the right and left halves of the guide, as shown by 
the negative value of the amplitude in the figure. 


52. Cut-Off Wavelength | 


As explained in paragraph 50c, angle B is 
determined by the relationship, 


sin B=)/26 


for the simplest wave pattern that will carry energy 
down the waveguide. This equation shows that B 
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Figure 44. Feld amplitudes. 


must equal 90° when the wavelength is equal to 20. 
Here, the two sets of waves merely travel back 
and forth across the waveguide and no energy is 
carried in the desired direction (along the guide). 
If the wavelength is greater than 25, there is no 
value of B that satisfies the relation, and a wave 
pattern of the sort described in paragraph 51 
cannot exist. ‘The wavelength at which B equals 
90° is called the d, (cut-off wavelength), and the 
corresponding frequency is called the f, (cut-off 
frequency). For the wave pattern described above, 
A, 1S equal to 26. ‘To avoid confusion, the wave- 


length of the signal is referred to as the \, (wave- — 


length in air). (A signal with a frequency of 3,000 
me per second, for example, has A, equal to 10 
centimeters.) Using this terminology, a wave- 
guile cannot transmit energy by means of the 
simple pattern described in paragraph 51 unless d, 
is shorter than \.. Waveguide transmission some- 
times is explained in terms of a two-wire transmis- 
sion line with an infinite number of quarter-wave 
shorted stubs, each one of which has an infinite 
impedance and therefore looks like an open circuit. 
Figure .45 shows a two-wire line with a large 
number of stubs, and the similarity to a waveguide 
is immediately apparent. This explanation does 
not cover the field pattern nor the group and phase 
velocities, which are discussed in paragraph 54. 
It implies, further, that transmission is possible 
only if the width of the guide is 1 half-wavelength, 
which is incorrect since transmission is possible 
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only when the width of the guide exceeds 1 half 

wavelength. It may be useful to remember, 
however, that a waveguide at cut-off frequency 
(where it will not carry energy) looks like a two- 
wire line with an infinite number of quarter-wave 
shorted stubs. 
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Figure 45. Two-wire transmission line with quarter-wave 
shorted stubs 


53. Guide Wavelength 


In addition to A, and X,, it is customary to refer 
to the d, (guide wavelength). This is the wave- 
length of the pattern in the waveguide, and it is 
equal to d,/cos B. The relationship is derived 
easily from the diagram in figure 46. Here, CD 
is a wave front of the signal that moves to the left. . 
E is on the left-hand wall directly opposite D, 
and EF is another wave front of the same signal. 
Distance DG is equal to 6 sin & and, from the 


discussion in paragraph 50c, it is clear that this 


must be A,/2. The two wave fronts,CD and EF, 
are, therefore, separated by one-half \,. H is on 
the left-hand wall directly opposite F, and HI is 
another wave front. By an argument similar to 
the one given above, the spacing between EF and 
HI is one-half \,. Then AJL, the spacing between 
CD and HI, is exactly equal to dy. The wave- 
length of the pattern, however, is equal to KM, 
since this is the distance along the guide axis 
between two points where the phase of the signal 
differs by 1 cycle. The angle between AL and 
KM is B, whence | 


KL=),=KM cos B=}, cos B, 
and ~ 8 
yee 
cos B 
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Figure 46. Geometry of equation for derivation of guide 
| wavelength. 


54. Group and Phase Velocities 


Just as two wavelengths, \, and d,, must be 


considered in connection with the transmission 


of energy along a waveguide, three separate 
velocities are of concern. The first of these is the 
velocity of electromagnetic waves in space, usually 
written c, which is equal to 330 yards or 300 meters 
per microsecond. The other two are the », 
(group velocity), the velocity with which energy 
is transmitted along the waveguide, and the v, 
(phase velocity), the velocity with which the field 
pattern moves along the waveguide. 

a. Distinction Between Velocities. Imagine a 
transmission system, similar to the one shown in 
figure 47, that consists of a vertical glass tube 
through which water is pumped. Simultaneously, 
air is introduced at the bottom and rises in the 
form of small, regularly spaced bubbles. Sup- 
pose, now, that clear water is pumped through the 
tube. The rising bubbles will: form a pattern 
which moves upward at a speed that may be called 
the pattern velocity. If dyed water then is intro- 


duced, the boundary between the clear water and 


_ the colored water will rise at a speed that may be 
called the transport velocity—the velocity at which — 
The case is sim-— 


water moves through the tube. 
ilar to that of a waveguide. If a steady signal is 
sent through the guide, the field pattern will have 
a wavelength, dz, analagous to the spacing be- 
tween the bubbles. The field pattern will move 


with a phase velocity, just as the bubble pattern: 


moves at the pattern velocity. If, then, the signal 
level is raised suddenly, the boundary between the 
low-level signal and the high-level signal will move 
along the waveguide with a group velocity, just 
as the boundary between the clear water and the 
dye solution moves at the transport velocity. 

b. Variation of Velocities With Wavelength. As 
explained in paragraph 52, the cut-off wavelength, 
,, is equal to 26, and angle B is determined by the 
relation, = 

sin B=),/2b=),/X- 


When the operating frequency is extremely high, 


so that the wavelength of the signal (in air) is very 


much shorter than the cut-off wavelength of a 
waveguide, sin & and B are both very small and 
cos Bis nearly 1. In this case, the phase velocity 


is only slightly greater than ¢ and the group veloc- 








OUTLET 
— 






N 
N 
N 
N 
AIR BUBBLES \ 
RISE AT N 
PATTERN N 
VELOCITY \ 
N 
-N : 
N *} WATER RISES AT 
N TRANSPORT VELOCITY 
NN | (INDICATED BY BOUNDARY 
N | BETWEEN CLEAR WATER 
‘NN | ABOVE AND DYED WATER 
A BELOW 
EN 
WATER A 
INLET Se ein NY 


_ 
I} AIR 
Ad INLET 


Figure 47. Pattern and transport velocities. | 
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ity is only slightly smaller. At the other extreme, 
when the wavelength in air is only slightly shorter 
than the cut-off wavelength, sin B is very nearly 
1 and B is nearly 90°. Cos B is then very small, 
so that v, becomes small and v, becomes extremely 
large. Similar behavior can be observed at any 
straight beach. Figure 48 shows a series of wave 
crests moving in a direction that makes an angle 
X with the edge of the beach. As a point on one 
of the wave crests moves from P to Q, the inter- 


section of that crest with the beach moves from > 


RtoQ. By simple geometry, distance PQ is equal 
to distance RQ times cos X. Then, if the waves 
- move forward with a velocity v,, and the point at 
_ which the wave crest breaks on the beach moves 
_ along the edge of the beach with a velocity »,, 


PQ=vryt, RQ=vit, 


: (where ¢ is the time required for the wave crest to | 


move from P to Q), and 


Vpt=Vzt cos _X, 
so that 
| Vp=V,/cos X 


The point of intersection of a wave crest with the 
edge of the beach, therefore, runs along the beach 
1/cos X times as fast as the wave pattern moves. 
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Figure 48. Water waves breaking on beach. 


55. Other Modes of Transmission 


A number of individual electromagnetic waves 
can combine in an infinite number of ways to carry 
_ energy down the interior of a rectangular wave- 
guide. The various ways are called modes, and 
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each mode has a distinctive field pattern different 
from that of every other mode. Each mode also 
has its own cut-off frequency, cut-off wavelength, 
guide wavelength, group velocity, and phase veloc- 
ity, not necessarily different from those of other 
modes. In a rectangular waveguide, it is cus- 
tomary to choose dimensions that make the cut-off 
frequency higher than the operating frequency for 

all modes except the simple one used as an example © 
in paragraphs 51-54. For all modes except this 
one, the operating frequency is below the cut-off 
frequency (and the operating wavelength is longer 
than the cut-off wavelength) so that transmission 


-isimpossible. The waveguide, therefore, operates 


only in the simple mode. In spite of this practice, 
the other modes should be considered briefly. 

a. Mode Terminology. In some modes, the 
electric field is always transverse (where it does 
not vanish), whereas the magnetic field is some- 
times transverse and sometimes longitudinal. 
This is true, for example, with the simple mode 
described above. Such modes are called TH 
(transverse electric) modes. In other modes, the 
magnetic field is always transverse, whereas the: 
electric field is sometimes transverse and some- 
times longitudinal. These are called 7'M (trans- 
verse magnetic) modes. In still other modes, both 
the electric field and the magnetic field are longitu- 
dinal at. various points. ‘T‘hese modes are not. 
named, since a mode of this sort always can be con- 
sidered as a combination of a given 7/7 mode with a 
given 7M mode. A mode is defined further by 
two subscripts, m and n, as a TH,» or a TMy n 
mode. ‘The first subscript is the number of times 
that a pattern repeats itself along the a dimension 
of the waveguide (from the top of the guide to the 
bottom) and the second subscript is the number 


of times that the pattern repeats itself along the 


6 dimension (from one side of the waveguide to the 
other). In the simple case described earlier, the 
field pattern is uniform from top to bottom, so 
that there is no repetition and the first subscript. 
is therefore 0. There is variation, however, from 
one side to the other; but the pattern occurs only 
once, and therefore the second subscript is 1. 
The simple mode is, accordingly, called the. 
TE, wrode (since the electric field is entirely 
transverse). The following discussion shows that. 
the TE), mode has a longer cut-off wavelength 
than any other mode for a given rectangular: 
waveguide. Because of this, it is possible to 
choose the waveguide dimensions so that , is. 
longer than dq for this mode, and shorter than ),. 


' dimension. 


for every other mode. The waveguide is forced 
thereby to operate in the TE), mode, as explained 
above. 

6. Two Nonewistent Modes. It is impossible to 
send a single vertically polarized wave down a 
waveguide along a path that is parallel to the 
axis of the guide. 
wave will have an electric field parallel to each 
side wall at the surface of the wall. This will 
cause currents to flow in the side walls, and the 
_ electromagnetic waves radiated by these currents 
will cancel the original signal in a very short 
distance. ‘The same thing is, of course, true of a 
horizontally polarized wave that travels directly 
down the guide without reflection. Here, there 
will be electric fields parallel to the top and 
bottom of the guide at the top and bottom, and 
the same result will be obtained. Finally, any 
electromagnetic wave may be considered as a 
combination of vertically and horizontally polar- 
ized waves. It follows, therefore, that it is 


impossible to send energy through a rectangular — 


waveguide by means of any signal that travels 
directly down the guide without reflection.. Now, 
the TE). and TM)» modes have field patterns 
that are uniform along both the @ and the 6 
dimensions. Paragraph 50 explains that reflection 
from the side walls causes the field pattern to 
vary along the 6 dimension, whereas the absence 
of reflection from the top and bottom of the wave- 
guide makes the pattern uniform along the a 
Thus, a field pattern uniform along 
the a and 6b dimensions can be obtained only if 
there is no reflection from any of the walls. It is, 


however, impossible to transmit energy through a | 


rectangular waveguide by means of waves that 
are not reflected, and for this reason neither the 
TEy 9 nor the TM» mode can exist in a rectangular 
guide. : 

c. TE)» Modes. It has been stated that energy 
can be carried along a waveguide by vertically 
polarized waves traveling parallel to the top and 
bottom of the guide if their paths make the proper 


angle with the side walls; also, that the proper 


angle is given by the equation, 


26 sin (B)=nq, 
or by 
| sin (B)=nn,/26, 


where B is the angle between the paths of the in- 
dividual waves and the side walls. It has been 
shown that the TE), mode is produced when n 
is equal to 1, although the mode was not so labeled 


The field pattern of such a. 


at the time. For any value of n (except Zero), 


this arrangement of vertically polarized waves 
reflected from the side walls produces the TK, , 
mode. This may be verified by examination of 
the diagram shown in figure 49, which treats the 
case of n equal to 3. Here C and D are two points 
opposite each other on the side walls of a rectangu- 
lar waveguide. The distance DF is n half-wave- 
lengths (3 in this case) and wave front GD is, 
therefore, 3 half-wavelengths behind the wave ~ 
front CE. It is, then, possible to construct addi- 
tional wave fronts HI and JK, so that each is | 
1 half-wavelength from its neighbors. In the 
same way, the wave fronts QD, OP, MN, and CL 
may be constructed, each 1 half-wavelength from — 
its neighbors. Now, as one moves from C to R, 
the phase of the waves moving to the left changes 
% cycle in one direction, and the phase of the 
waves moving to the right changes an equal 
amount in the other direction. This leads to a 
pattern similar to that obtained by moving all the 
way across the guide in the TH), mode (figs. 38 
through 41). Conditions at R are the same as 
those at C, except that the phases of both sets of 
waves are reversed. The pattern between R and 
S is, therefore, the same as the pattern between C 
and R, but the directions of the fields are reversed. _ 
The same thing happens between S‘and D, with 
the directions of the fields the same as those 
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Figure 49. Geomeiry of TE ,3 mode. 
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between-C and R. Consequently, the pattern for 
a TH, ,.mode is nothing more than a repetition of 
the TE, , pattern, with the field directions reversed 
at each repetition. Figure 50 illustrates the elec- 
tric field in a plane perpendicular to the axis of a 
rectangular waveguide; A shows the 7’, mode, 
B shows the 7'F,,2 mode, and C shows the TE); 
mode. In B, the direction of the electric field in 
the right half of the waveguide is opposite to that 
in the left half. In one half, the field is directed 
upward; in the other half it is directed downward. 
Similarly, in C, the direction in the center of the 


Figure 50. Electric field patterns for TEy,, modes. 
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guide is opposite to the direction in either of the 
side portions of the guide. In every case, however, 
the field is either upward or downward. Figure 51 
shows the combined fields, as in figure 41, for the 
TE); mode. Other mode characteristics are dis- 
cussed in appendix III. 








Figure 61. Combined fields for TEy,3 mode. 


d. Other Nonexistent Modes. At first glance, it 
would appear possible to develop the 7'M,, mode 
by sending horizontally polarized signals along 
the paths prescribed for the signals that produce 
the TA),, mode. This will produce a pattern of 
the desired type, but there will be longitudinal 
electric fields at the walls and the pattern will 
be canceled by the waves radiated by induced 
wall currents. The same objection applies to the 
possibility of developing a 7M,,,) mode by sending 
vertically polarized waves along the paths that 
produce a TE,,,) mode. For this reason, neither 
the TM),, modes nor the TMy,. modes can exist 
m a rectangular waveguide. | 

e. Reflection From Four Walls. All of the modes 
previously considered have patterns that are 
built up from two sets of waves, and, before consid- 
ering the TE ,,, and TM m,n, modes, it is necessary 
to consider what happens when the signals are 
reflected from all four walls of the waveguide. 
The pattern then will be built up from four sets 


of waves, those moving downward to the right 
and left, and those moving upward to the right 
and left. To begin, consider the two sets of 
waves that move downward to the right and left. 
Their paths meet the side walls of the waveguide 
at some angle B which satisfies the equation 


sin B=n X,/20, 


and the two sets of waves combine to form a field 
pattern like that of the TH,,, mode, except that 
it is tipped downward and travels downward. 
A similar pattern, tipped in the opposite direction 
and traveling upward, is formed by the two sets 
of waves that move upward to the right and left. 
These two patterns follow paths that meet the. 
top and bottom of the waveguide at an angle A. 
In figure 52, A shows the paths from above and 
B shows them from the side. Since each pattern 
is composed of two sets of electromagnetic waves 
which are reflected by the top and bottom of the 
waveguide, the pattern as a whole is reflected, 
and it behaves, generally, like one of the sets of 
waves in a 7'H,,,. mode. : 
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Figure 52. Paths of two-wave patterns. 


f. Behavior of Tipped Patterns. Each of the 
patterns formed by combining two sets of waves 
has a \,/cos B, where the wavelength is measured 
in a direction parallel to the path of the pattern. 
The pattern moves along the path (fig. 52) with a 


velocity c/cos B; energy moves along the path 
with a velocity c cos B. The wavelength and the 
two velocities are equal to the guide wavelength . 
and the phase and group velocities of the TE),, 
mode. Asmight be expected, the patterns cannot 
exist unless \, is shorter than 2b/n, the cut-off 
wavelength for the mode. The two patterns 
combine in the same way as the two sets of waves 


that form a TE,,,. mode, and angle A must 


satisfy the equation 
sin A=m i/2a, 


where ) is the wavelength of each of the patterns, 
or \,/cos B. | | | 
g. Freld Configuration of Complete Pattern. The 


general appearance of the combined pattern is .- 


shown in figure 53, where the direction of the 
electric field is shown by solid lines and that of the 
magnetic field is shown by dashed lines. The 
pattern for vertically polarized waves is indicated 
in A, and the pattern for horizontally polarized 
waves is shown in B. In each pattern, both m 
and n are equal to 1. The pattern for higher 
values of m and n is simply a repetition of the 
simple pattern, either up or down or across the 
guide, as in figures 50 and 51. To simplify the 





Figure 68. Configuration of combined pattern. 
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_ wall. 


diagrams, most of the lines that show field direc- 


tion have been omitted. The direction of the— 


electric field is shown in a plane through the center 
of the guide, a vertical plane for the vertically 
polarized waves and a horizontal plane for the 
horizontally polarized waves. Similarly, the di- 
rection of the magnetic field is shown only near 
the top of the waveguide and near the right-hand 
The pattern of the magnetic field near the 
bottom of the waveguide is the same as the pattern 
near the top, with the directions reversed. A 
similar situation, with identical patterns and 
reversed directions: exists for the magnetic fields 
near the two side walls. 

h. TE nn and TMinn Modes. If eight sets of 
electromagnetic waves are present in a rectangular 
waveguide, both of the patterns shown in figure 53 
will be present. If the phase relation between the 
two patterns is the same as that in the drawing, 
the longitudinal component of the magnetic field 
will be canceled and the result will be a T7M,,., 
mode. If, on the other hand, the phase of one of 
the patterns is reversed (by reversing the phases of 
the four sets of waves that contribute to it), the 
longitudinal electric field will be canceled, and a 
TE n,n mode will result. In figure 54, A and B 
show the direction of the resulting electric and 
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only possible modes are, 
~ which m is zero. 


magnetic fields in a plane across the waveguide at a 
point where the transverse field is at a maximum. 

v. Single-Mode Operation of Rectangular Wave- 
guide. Assume that the dimensions of a rectangu- 
lar waveguide are chosen so that \, is shorter than 
da for the TH, mode. . The waveguide then can- 
not carry energy at A, by means of the TE, , mode, 
and this mode is said to be suppressed for dy and 
the corresponding frequency. The cut-off wave- 
length becomes shorter as either m or n is made 
larger. Consequently all modes for which m is 1 
or a larger number will be suppressed. (It is not 
necessary to specify the values of n because any 
value is equal to zero or a larger number.) The 
therefore, those for 
Since the 7’, modes do not 
exist, these are the TE,,, modes. If, in addition, 
the TE). mode is suppressed, all modes for which n 
is 2 or greater also will be suppressed. There 
remains only the TH), mode (since neither the 
TH)» nor the TM)» mode exists). This pro- 


cedure normally is followed with rectangular 


waveguide. Height ais made less than },/2 so that 
the TE, ) mode, which has a cut-off wavelength of 
2a, is suppressed. The TH)». mode, which has a 
cut-off wavelength of b, is suppressed by making 0 
less than dy. The cut-off wavelength for the 
TH), mode is 26, and if the width is more than 
2/2 (but less than \,), the waveguide will operate 
in this mode only. 

7. Dimensions of Rectangular Waveguide. It is 
desirable to use waveguide as large as possibie, 
provided that undesired modes are suppressed. 
Large waveguide has less attenuation than small 
waveguide, just as a large wire has smaller losses _ 
(because of its lower resistance) than a small wire 
when both carry the same current. 


same reason that standing waves on a transmission 
line are suppressed. Bothabsorb power, and both 
interfere with the proper operation of the system 
by changing impedance. It is usual to use 1%- by 


-3-inch rectangular waveguide for S-band operation 


and 7- by 1-inch rectangular waveguide for X-band 
operation. Some of the characteristics of these 
two sizes of rectangular waveguide are tabulated 
below. In practice, the shortest operating wave- 
length is 5 or 10 percent longer than the wave-- 
length at which double mode operation is possible. 
This insures that the waveguide will operate only 
in the 7), mode even when there is a small error 
in the operating frequency. Thelongest operating 
wavelength is about 80 percent of \, for the 


| Modes other 
than the 7H), mode are suppressed for much the 


TH), mode. The waveguide will operate at longer 
wavelengths (so long as they are shorter than \,) 
but the attenuation increases rapidly as the oper- 
ating wavelength approaches the cut-off wave- 
length. A good rule of thumb for estimating the 
operating wavelength of an odd size of rectangular 
waveguide is that the nominal operating wave- 
length is about five-fourths of the larger dimension. 


Nominal operating wavelength 
(S-band) (X-band)> 


| tt 


Outside dimensions in inches_| 1.500 x 3.000 | .500 x 1.000 
Wall thickness in inches____| .080 .050 





Inside dimensions in inches_| 1.3840 x 2.840 | .450 x .950 
Inside dimensions in centi- | 
meters________-__-____- 3.40 x 7.22 {1.14 x 2.41 
Ae, L'Eyi mode_____-_____- 14.44 em____ 4,82 cm 
Ne, L’Eo2 mode______-_-___- one Cis eos 2.41 ecm 
Ae, Ti mode____--------| 8.80 em____- 2.28 cm 





aS-band—10 em. 
- bX -band—3 em. 


56. Circular Waveguides 


The behavior of circular waveguide is similar to 
that of rectangular waveguide. The field patterns, 
like those of rectangular waveguide, satisfy the 
following two boundary conditions imposed by the 
fact that the waveguide wall is a good conductor: 
At the surface of a wall there can be no electric 


field parallel to the wall, and there can be no > 


| varying magnetic field perpendicular to the wall. 

A review of the material on rectangular waveguides | 
will show that these boundary conditions are satis- 
fied by the field patterns of all existing modes. 
Because of the curved walls of circular waveguide, 
it is extremely difficult to examine the field patterns 
in the same detail as those of rectangular wave- 


guide—there is no simple method of building the. 


field pattern from a small number of simple waves 
traveling along the guide. The calculation of 
cut-off wavelength for a given mode in circular 
waveguide is, therefore, beyond the scope of this 
manual, and it will be necessary to accept the 
values given here without any demonstration of 
their validity. The general configuration of the 
field patterns may be deduced, however, from their 
similarity to corresponding patterns in square 
waveguide (rectangular waveguide for a a and 
b are equal). 
a. Terminology. As with rectangular wave- 


guide, all circular waveguide modes are TE modes, 
TM modes, or combinations of these, and TH and 
TM have the same significance as ties have in 
rectangular waveguide modes. 
described further by the same two subscripts, so 


that there are TE,,,, modes and 7M,,,, modes. In 


rectangular waveguide, m is the number of times 
that the field pattern is repeated from the top of 
the guide to the bottom, with a reversal in the 
directions of the electric and magnetic fields at 
each repetition, and n is the number of times that 
the pattern is repeated from one side wall to the 
other. In circular waveguide, however, both m 
and n have different meanings: m is the number 
of times the pattern is repeated around the wave- 
guide, and n is the number of times the pattern is 
repeated belween the center of the guide and the wall. 

b. Important Modes. In considering the be- 
havior of circular waveguide, it is necessary to — 
examine only the 7F,,, TM),, and T Fe modes. 
These are the three simplest modes for a circular 
waveguide and the only ones for which the cut-off 
wavelength is greater than the diameter of the | 
cuide. TE,, is the dominant mode (that having 
the longest cut-off wavelength) for a circular 


- waveguide; it has a cut-off wavelength of 1.71d, 


where d is the inside diameter of the waveguide. | 
In figure 55, A shows the electric field pattern for 
the TE, , mode, and B shows thé electric field for 
the TE), mode in a square wavegtide (a rec- 
tangular guide for which a and 0d are equal). The 
resemblance between the fields in the circular and 
square waveguides is obvious, and both modes are 
dominant modes. The TM) mode, with a cut-off 
wavelength of 1.31d, is shown in A, figure 56; the 
TM, , mode in a square waveguide is shown in B. 
The two diagrams are simplified by omitting the 
lines showing the direction of the magnetic field. 


The TE, , mode with a cut-off wavelength of 1.03d, | 
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Figure 65. Dominant TE modes in circular and square 
waveguides. 
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Figure 56. Simplest TM modes in circular and square 


waveguides. 


_is shown in A, figure 57. The corresponding mode 
for a square waveguide is the TE, , mode, shown 
in B. Al other modes, both TE and TM, have 
cut-off wavelengths of .82d or less. 

c. Usefulness. The usefulness of circular wave- 
guide’ lies in the perfect symmetry of the 7, 
mode. A rotating jomt can be inserted in a 
section of circular waveguide without affecting the 
transmission of energy. Therefore, a section of 
circular waveguide is used to join two sections of 
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rage 57. Simplest TE modes in circular and square 
waveguides. 
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TE.) 


rectangular waveguide when it is necessary to 
move one in relation to the other (fig. 58). Mov- 
ing the upper rectangular waveguide from the 
position shown in A to the position shown in B has 
no effect on the transmission of energy. Although 
it is possible to use the TH,, mode of circular 
waveguide, it is difficult with this mode to control 
the plane of polarization of the signals, and the 
corresponding TH), mode in rectangular \ wave- 
euide normally is used instead. 








Figure 68. Rotating joint in circular waveguide. 


d. Dimensions. Circular waveguide always is 
chosen so that \, is shorter than 1.31d, the cut-off 
wavelength for the 7M); mode. The higher 
TM modes then are automatically suppressed by 
choosing the diameter so that , is longer than 
82d. The method of exciting the waveguide 
suppresses the 7#,, and 7'’H,, modes unless the 
second of these already is suppressed by a choice 
of diameter. It is usual to excite the guide with 
a small antenna at the guide axis (fig. 59). The 
field radiated by this antenna has no longitudinal 
magnetic eolnponent (which must Pe present for 
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Figure 59. Excitation of circular waveguide. 


any ZH mode), and, consequently, neither the 
_ TE, , nor the TE, mode is excited. Mechanical- 
ly, it is desirable to use circular waveguide with a 


diameter equal to the width of the rectangular 


waveguide in the system, so that d is normally 
about .8\,, but this is not always done. The 
circular waveguide normally used in S-band 
systems has a diameter of about 3 inches, and that 
used in X-band systems is about 1 inch in diameter. 


57. Waveguide Advantages 


The major advantage of waveguide over coaxial — 


line is the much lower loss of waveguide, resulting 
primarily from the elimination of the center con- 
ductor. At vhf and microwave frequencies, 
interaction between the guided waves in a trans- 
‘mission system and the current-carrying electrons 
causes the current flow to be confined to the 
surface of the conductors. This skin effect, of 
course, is present at lower frequencies, but it is 


unimportant. However, at vhf and microwave 
frequencies, because of the skin effect, only the 
surface of the inner conductor of coaxial line is 
available for current carrying and its resistance is 
unavoidably high. The outer conductor, having 
a larger surface (the inner surface is the one that 
carries the current) has a much lower resistance. 
The major portion of the loss, therefore, occurs at 
the inner conductor of coaxial line, which is not 
present in waveguide, and it is not present when 
waveguide is used. Waveguide has other advan-_ 
tages, such as lack of radiation and dielectric 
losses, but rigid coaxial line offers the same ad- 
vantages. The greatest merit of waveguide, 
aside from the fact that it has lower conductor loss 
(sometimes called copper loss) than coaxial line, 
is its extreme simplicity of construction. By — 
comparison with waveguide, a rigid coaxial line 
with quarter-wave stub supports is a complicated 
mechanical device. 


Section Ill. TUNING DEVICES AND RELATED EQUIPMENT 


58. Components Used with Coaxial Line 


Before considering the accessories used with 


waveguide, it is desirable to examine some of those - 


used with coaxial line at microwave frequencies 
because their operating principles are more familiar 
than those of the waveguide components. The 
coaxial-line accessories are specialized to a certain 
extent because of the construction of the line itself. 
In general, they are rigid structures which, like the 
coaxial line, avoid the use of any insulating 
material other than dry air. Several of the more 
usual components are tuning stubs, slotted sec- 
tions, line stretchers, and rotating joints. 

a. Tuning Stubs. A tuning stub is a short sec- 
tion of coaxial line connected across the main line. 
The arrangement is similar to that of the quarter- 
wave stub support, except that the length of the 
tuning stub can be adjusted to any value between 
zero and a half-wave length. Two tuning stubs 
usually are mounted together on a single section 
of coaxial line inserted in the main transmission 
line, the spacing between the two stubs usually 
being three-eighths wave length (fig. 60). The 
inner and outer conductors have the same dimen- 
sions as those of the remainder of the coaxial line, 
and a single quarter-wave stub support holds the 
inner conductor of the section in its proper place. 
_ A flange, provided at each end of the section, makes 


in the matching socket. 


conductor. 


contact with the outer conductor of the adjacent 
portion of the line. The inner conductor has a 
socket at one end and a finger at the other end; 
these parts connect with matching parts on adja- 


~ cent sections of the line and provide continuity of 


the inner conductor. The finger usually is split 
and slightly spread apart to make a good friction fit 
The two stubs are iden- 
tical. Each consists of an inner conductor, an 
outer conductor, and an adjustable plunger which 
acts as a short circuit. The length of the stub is 
varied by changing the position of the plunger. A 
number of small metal brushes are provided on the 
plunger to insure good contact with both the inner 
and the outer conductors. The plunger is carried 
op one end of a hollow screw which has an adjust- 
ing knob at the other end; the screw itself is carried 
in a threaded cap mounted on the end of the outer 
A pressure seal with packing under it 
serves to prevent loss of air from the coaxial line 
and also acts as a lock for the adjusting screw. 
There are, of course, many different ways of con- 
structing a double-stub section, but the one shown 
in figure 60 is a good illustration of the principles 
involved in the types in general use. 7 

6b. Stub Tuning Theory. Every transmission 
line has a characteristic impedance, usually written 
as Z,, which depends on the physical characteristics 
of the line. If a current J flows in the line, the 
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Figure 60, Double-stub section of coaxial line. 


voltage E accompanying it then is derived from 
the equation | 


E=Z,I 


This equation holds for signals traveling in either 
direction along the line, so that 


Fi=Zoli 
and, by division, — 

a L,=,/ Loy 
and 


Ey=Z,Io, or 1h=E,/Z, 


where &; and J, are the voltage and current carry- 
ing power from a generator to a load, and &, and 
I, are the voltage and current of the reflected 
signal carrying power in the opposite direction. 
Figure 61 shows the positive directions for £,, Fa, 
I,, and Iz. For convenience, the transmission line 
is shown as a two wire line since the discussion 
applies to this type as well as to a coaxial line. It 
can be seen that the voltage measured at any point 
will be the sum (#,+ £,) and the current will be 
the difference (J;—:) when the phase relations 
between /;, and #;, and between J, and J, are taken 
into account. If, now, the transmission line is 
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terminated by a load of impedance Z, as in figure 
62, and if Hand J are the voltage and the current 
at the load, #/J must be equal to Z. In this case, 


Z=E|I= (E+E) |(h—2) 


But, since L=£)/Z,, and I,=E,/Z,, these values 
can be substituted in (J,—2), 
and the equation 


E=E(Z—Z,)\|(Z+Z,) 


is obtained by simple algebra. The method of 
working the equation to its conclusion is shown in 
appendix II. If Z is equal to Z,, (Z—Z,) will be 
equal to zero, and EF, (and consequently J;) also 
will be equal to zero. In simpler terms, there is 
no reflected signal when a transmission line is ter- 
minated in its characteristic impedance. The re- 
flected signal is objectionable for two reasons, the 
first of which has to do with power losses on the 
transmission line. Suppose that the loss on a given 
transmission line is 10 percent. An input of 100 
watts then will provide 90 watts at the load if there 
is no reflected signal. If, however, there is a re- 


flected signal, more input power is required to de- 


liver the same 90 watts to the load. Suppose, for 
example, that H, is one-half of £,. J, also will be 
one-half of J;, and the power in the reflected signal 
will be one-fourth of the power in the direct signal. 
If, now, 120 watts arrives at the load end of the 
transmission line, 30 watts will be reflected and 
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Figure 61. Directions of direct and reflected signals in 
transmission line. | 
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Figure 62. Generation of reflected signal. 


90 watts will be delivered to the load. In order to 
deliver 120 watts at the load end, however, it is 
necessary to put 133% watts in at the generator end 
of the line because of the 10-percent transmission 
line loss. This extra power requirement is offset 
partially by the reflected signal, which delivers 27 
watts (because of the 10-percent transmission line 
loss) at-the generator end. The generator itself 
then is called on to supply 106% watts (the differ- 
ence between 133% watts and 27 watts) in order to 
develop 90 watts at the load. This is an increase of 
64, watts because of the reflected signal, and any 
- power increase is undesirable. The second objec- 
tion to the reflected signal is the possibility of an 
impedance mismatch at the generator. If Z is 
equal to Z,, there is no reflected signal, and the 
voltage and current at the input end of the trans- 
mission line will have the ratio equal to Z,. The 
generator customarily is designed to deliver maxi- 
mum power output when it sees this impedance. 
_ In the presence of a reflected signal, however, the 
impedance seen by the generator is equal to the 
ratio (H,+F,)/(1,—1:). This ratio is, of course, 
equal to Z at the load end. It is necessary, how- 
ever, to take account of phase when adding and 
subtracting the voltages and currents. For a po- 
sition between the generator and the load, the 
phases of E, and J, are advanced, and those of FE; 
and J, are retarded. Because of this, the im- 
pedances measured at different points on the line 
have different values and, in particular, the im- 
pedance measured at the generator may have 
values as far apart as Z and Z,?/Z. With proper 
matching, the generator in the example above may 


develop 200 watts, of which 100 watts is delivered 


to the transmission line, and the rest is lost in the 
generator. When there is a reflected signal of the 
strength given above, the generator is required to 
supply 106 watts to the transmission line. An 
impedance mismatch resulting from a change in 
the input impedance of the line, however, may re- 
quire that the generator develop 400 watts in order 
to transfer 106% watts to the line. The tuning 
stubs shown in figure 63 are used when the load 
impedance is not equal to the characteristic im- 
pedance of the line. They are placéd on the line 
close to the load, and are adjusted so that the re- 
flected signals from the stubs cancel the reflected 
signal from the load. The portion of line between 
the stubs and the generator is, therefore, free of 
reflected signal. Each stub delivers a reflected 
signal because it is a section of line terminated in a 
zero impedance. 
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Figure 68. Use of tuning stubs to cancel reflected signals. 


c. Tuning Stub Adjustment. In practice, ad- 
justment of the tuning stubs is started by setting 
both stubs at their midpositions. Each is then 


a quarter-wavelength and looks like an infinite 


impedance across the line (so that the stubs have 
no effect). The stub nearest the generator then 
is moved, while the load power is observed. An 
initial adjustment is reached for which the load 
power is a maximum. In a radar, this may be 


accomplished by observing a fixed echo and adjust- 


ing the stub for maximum echo strength: After 
the initial adjustment, the second stub, nearer the | 
load, is moved a little way and the first stub is re- 
adjusted for maximum power. Depending on 
whether this is an improvement, the second stub 


- then is moved farther in the same direction or back 


in the opposite direction. The process continues 
until the best adjustment has been found by trial, 
always with a readjustment of the first stub after 
the second one has been moved. ae 

d. Slotted Section. When it is not cohvenient to 
observe the load power while the tuning stubs are 
being adjusted, it is necessary to make use of a 
slotted section of coaxial line (fig. 64) so that the 
voltage on the transmission line may be medsured 
at various points. The measured voltage is the | 
sum of H, and E2, where these are added vectorially 
because of the phase difference between them. At 
some point, the two voltages will be in phase and 
the measured voltage will have a maximum value. 
At another point, the two voltages will be 180° 
out of phase and the measured voltage will have a 
minimum value. Then, if Fi-pea,x is the peak value 
of Fi, and Eopeax 18 the peak value of F,, with 
Enax 20d Eni, the maximum and minimum values 
of the measured voltage, 


Tis — Ey enka Fie-peak, 
i= iy peak Fa-peak- 


The ratio Emax/Emin is called the VSWR (voltage » 
standing wave ratio) and it is a measure of the 
amount of reflected signal that is present. If the 
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Figure 64. Slotted section of coaxial line. 


VSWR is 1, there is no reflected wave. The ad- 


justment of the tuning stubs then may be ac- 
‘complished by observing the VSWR instead of the 
power;in the load, and adjusting for the lowest 
VSWR. Values of 3 usually are considered ac- 
ceptable, in operation at microwave frequencies, 
although lower values are desirable if they can be 


obtained. The slotted section is simply a section | 


of line with a slot in the outer conductor so that 
the inner conductor becomes accessible. A probe 
is mounted on a small carriage, which moves on a 
track fixed to the outer conductor. The probe 
does not touch the inner conductor, and a signal 
is picked up by virtue of the capacity between the 
inner conductor and the tip of the probe. It is 
important that the spacing between the probe and 
the center conductor remain constant as the probe 
is moved, and the carriage and track must be in- 
_ spected from time to time. The signal picked up 
by the probe is rectified and sent to an indicator 
of some sort, usually a milliammeter which. is 
preceded by an amplifier. The VSWR is found 
by moving the carriage back and forth and noting 
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the maximum and minimum indicator readings, 
the ratio of these being the VSWR. The slotted 
section may be quite short. If the two voltages 
add to produce a maximum at one point, they will 
do so at other points that are spaced an integral 
number of half-wavelengths away. This occurs 
because a position change of 1 half-wavelength 
shifts the phase of EF, by 1 half-cycle in one direc- 
tion and the phase of FE, by 1 half-cycle in the other 
direction, thus leaving them in the same phase 
relation as before. Midway between each two 
adjacent points where the measured voltage is a 
maximum, there is a point where £, and FE, are | 
180° out of phase and the measured voltage is a 
minimum. It is always possible, then, to find one 
maximum and one minimum if the slot is 1 halt- 
wavelength long. In practice, the slot is longer 
than this, and several readings are taken at differ- 
ent maxima and minima. A slotted section fre- 
quency is built in as part of a transmission line. 
If, however, the line is to be pressurized, it is 
necessary to provide a removable section of ordi- 
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Figure 65. Installation with precision transmission line 
length. | 


nary coaxial line which can be replaced by the 


slotted section when the VSWR is to be measured. » 


e. Line Stretcher. In some installations, a line 
is terminated by an impedance different from Z, 
and the length of the line is adjusted so that the 
input impedance has a specified value (fig. 65). 
In this example, if the length, X, is adjusted prop- 
erly, the impedance looking toward the trans- 
mitter from the junction will be infinite when the 
transmitter is turned off (between pulses). The 
transmitter, therefore, does not take any energy 
from the received signal. Because of frequency 
variations in different transmitters, it is not 
practical to adjust length X at the factory. 
Instead, a device called a line stretcher (fig. 66) 


is installed between the transmitter and the_ 


junction as part of the transmission system. Its 
operation is obvious, since it consists of a U- 
shaped section which slides up and down to change 
the length of the line. It is the coaxial equivalent 
of a slide trombone. | 

f. Rotating Joint. 
for one part of a transmission line to move while 
another part remains fixed. When the system 
consists of rigid coaxial line, this freedom is ob- 
tained by using a rotating joint. A of figure 67 
shows a quarter-wave section of coaxial line termi- 





Figure 66. 


It is frequently necessary 





nated by an open circuit. This section has zero 
input impedance; in other words, it acts like a 
short circuit at its input end. In practice, some 


capacity always exists at the terminating end and 


the section must be made slightly less than a 
quarter-wave length. In B, the same section is 
shown with the inner conductor made hollow. It 
is then possible to bring a pair of conductors, P 
and Q, to the sending end of the quarter-wave 
section and provide a good electrical connection 
between them without any mechanical contact. 
In figure 68, B shows this device used to make a 
rotating joint in coaxial line, and A shows a 
practical joint developed from the scheme used in 
B. Such a joint is used frequently, but it is 
difficult to seal because of the high voltage be- 
tween M and N. It is, therefore, modified to 


the form shown in figure 69 when the system is 


pressurized. It is possible to make a seal be- 
tween U and V without difficulty, since these 
points can be connected without affecting the 
electrical operation. The resistance of the seal 
is in series with the infinite input. impedance 
of the shorted quarter-wave section to the right of 
V, and, whether thé seal is good or bad from an 
electrical standpoint, the quarter-wave section 
to the left of U always is terminated in the 


Coaxial-line stretcher. 


57 




















Figure 67. Use of quarter-wave coaxial section for electrical 
connection with mechanical freedom. 


Figure 68. Rotating joints. 


required open circuit. By use of a half-wave 
section, the connection for the outer conductor 
then is terminated in a short circuit, which also has 
zero input impedance. 


59. Waveguide Tuning Devices 


It seems inappropriate, at first glance, to talk 
about the impedance of a waveguide, since 
there is no point at which the voltage and the 
current can be measured. The concept of wave- 
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Figure 69. Pressurized rotating joints. 


guide impedance is, however, as useful as that of 
transmission line impedance. 

a. Waveguide Impedance. The impedance of a 
transmission line at any point is the ratio between 
the voltage and the current at that point. It is 
necessary, of course, when computing this ratio, 
to take into account the phase relationship be- 
tween the voltage and the current. The imped- 
ance of a waveguide at any point is, similarly, 
the ratio between the transverse electric field and 
the transverse magnetic field at that point. As 
with. transmission line impedance, it is necessary, 
when computing the ratio, to take into account 


the phase relationship between the two fields. 


A, of figure 70 shows the fields in a coaxial line, 
and B shows the fields in a conventional two-wire 
line. In both, the transmission line acts as a 
guide for the guided waves that accompany any 
transmission of energy. This was mentioned 
briefly in paragraph 45 and was discussed in some 
detail, for a coaxial line, in paragraph 47. At any 
point where the guided wave is present, such as 
X, in A, and Y, in B, electric and magnetic fields 
are associated with the guided waves. The 
transverse component of the electric field (the 
field in a plane perpendicular to the conductors) 
depends on the position of the point and on the 
voltage between the conductors. For any given 
point, the strength of the electric field is propor- 
tional to the voltage. In the same way, the 
transverse magnetic field depends on the position 


of the point and on the current carried by the 


conductors. For any given point, the strength 
of the magnetic field is proportional to the current. 
Both the transverse electric field and the trans- 
verse magnetic field depend in the same way on 
the position of the point, so that the ratio between 
them does not depend on the position of the point. 
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Figure 70. Fields associated with transmission lines. 


The ratio between the two transverse fields is, 
‘then, proportional to the ratio between the voltage 
and the current and it follows that the impedance 
of a transmission line can be defined either by the 
ratio between the voltage and the current or by 
the ratio between the transverse electric field and 
the transverse magnetic field. The second way of 
defining the impedance can be applied directly to 


a hollow waveguide. The waveguide, then, has a 


characteristic impedance associated with each 
mode (although several modes may have the same 
characteristic impedance). As explained in par- 
agraph 48 for the coaxial line, the actual imped- 
ance is equal to the characteristic impedance 
when no reflected wave is present. In the pres- 
ence of a reflected wave, the impedance is different 


from the characteristic impedance and is different — 


at different points along the waveguide. The 
impedance is always the same at all points in a 
plane perpendicular to the axis of the waveguide, 
just as the impedance of a transmission line 
(computed from the electric and magnetic fields 
instead of from voltage and current) is the same, 
whatever point in a given plane is chosen as a 
place to measure the fields. 

b. Slug Tuner. A slug tuner is used with a 
waveguide transmission system in precisely the 


same way that the stub tuner described in para- 


graph 58 is used with a conventional transmission 
line, and the slug tuner is essentially the same 
device as the stub tuner. Most waveguide sys- 
tems consist largely of rectangular waveguide 
operating in the 7), mode, and the double-slug 
tuner shown in figure 71 is designed for this type 
of waveguide. A shows a section through the 
tuner, and B shows an end view. Each tuning 
slug projects into the waveguide parallel to the 
electric field and acts as a small antenna. It is 
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excited by the electric field in the waveguide, and, 
consequently, radiates a signal. The phase of 
the reflected signal may be altered by changing 
the length of the slug with the tuning screw, and 
the signals reflected from the slugs cancel the 
signal reflected from the load. Electrically, the 
double-slug tuner is similar to the double-stub 
tuner shown in figure 60, with one exception: The 
range over which the slugs can be varied is less 
than the range over which the stubs can be varied. 
The tuning stub has no effect when it is a quarter- 


wavelength, and its length may be varied in 


either direction from this point. The slug is 
ineffective when it is backed out to a position. 
even with the waveguide wall, and it can be varied 
in only one direction from this point. Conse- 
quently, the double-slug tuner is limited to some 
extent, and three-slug tuners frequently are used 
with spacing of 3/8 A, between the adjacent slugs. 
A double-slug tuner is adjusted by starting with 
both slugs retracted so that their tips are even 
with the wall of the waveguide, the position in 
which they have no effect. One of the slugs then 
is inserted by advancing the tuning screw. If 
this makes the situation worse, that slug is re- 
tracted and the other is advanced. From this 
point, tuning proceeds by alternate adjustment of 
the two slugs. This method is similar to the one 


described in paragraph 58 for the double-stub 


tuner. 
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Figure 71. Double-slug tuner for TE mode in rectangular 
| wuveguide. 
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c. Tuning Stubs. Although actual tuning stubs 
are used occasionally, in most applications they 


offer little advantage over the slug tuner. A 


typical tuning stub is shown in figure 72. It 
consists of a section of waveguide with an ad- 
justable plunger of conducting material. 


wall of the waveguide and, therefore, an effective 


short circuit for the termination, the plunger is 


grooved a short distance back from its face. The 
groove, when seen from B, looks like a short sec- 
tion of transmission line terminated by the short 
circuit at A. The groove depth is chosen so that 
this section of line has an effective length of 1 
quarter-waveleneth. The impedance at B, there- 


fore, is the infinite impedance of a shorted quarter- 


wave section of line, and this is in series with the 
impedance of the rubbing contact between the 
plunger and the waveguide wall to the left of B. 


Distance BC is also 1 quarter-wavelength, and 
the impedance of the gap between the plunger and 
the wall at C is that of a quarter-wave section 


terminated by the impedance at B. Since the 
impedance at B is always great (because of the 
impedance of the groove), the impedance at C is 
almost zero, whether or not there is a good contact 


between the plunger and the wall. The groove in 
the plunger is called a choke groove. The stub 


may be added to either wall of the waveguide. 
When the junction is at the wall perpendicular to 


the electric field, it is called an E-junction, the 


stub is called a serves stub, and the impedance of 
the stub is in series with that of the main line. 
When the junction is at the wall perpendicular to 
the magnetic field, it is called an H-junction, the 
stub is called shunt stub, and the impedance of 
the stub is in parallel with that of the main line. 


A of figure 73 shows a stub connected with an, 
K-junction, and, in B, the stub is-connected with - 
an H-junction.. In practice, the E-junction is the 


one normally used. _ Se oa 
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Figure 72. ‘Adjustable tuning stubs 
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To in- » 
sure good contact between the plunger and the 


d. Window Tuners. It is always possible to 
tune a waveguide by any method that introduces 
the required reflection, and this sometimes is done 
by means of window tuners (fig. 74). Since it is 


_ desirable for the two obstructions to be symmetric, 


it is rather difficult to construct an adjustable 
window tuner. However, window tuners are 
useful whenever they can be preset and left 
alone. Electrically, they are equivalent to shunt 
tuning stubs. The window tuners are nothing 
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: Figure 73. Shunt and series tuning stubs. 


more than small conducting plates inserted in the 
guide. The tuner shown in A is located where 
the electric field is relatively weak, and its major 
effect is on the magnetic field. Since the magnetic 
field is analogous to current in the impedance of a 
waveguide, a tuner of this sort behaves like a 
current device and is approximately the equivalent 
of a shunt inductor (which does not affect the 
voltage) on a conventional transmission line. 
The tuner shown in B affects the electri¢ field 


| more strongly than the magnetic field and is the 


approximate equivalent of a shunt capacitor. 


caeune 74. Window tuners 


60. Slotted Sections | 


Whenever a waveguide carries both Aivent oad 
reflected signals, the strength of the electric field 
varies from point to: point salong the: guide, just 
as voltage varies in 
line. A slotted. section. wit “eoaxial-line is used 
to observe the load power, as’ it is used. with’ W 
guide” (par. 58d)... Following ‘transmission line 
terminology, the ratio between. the m ximum 














and the minimum electric fiel Betrongth ‘is called 





the VSWR. Figure 75 shows a eross. section of 
the carriage which rides ona slotted section of 
rectangular waveguide. The probe, which is 
parallel to the electric field, is excited by the signal 
and develops a voltage at ae operating frequency. 
A crystal rectifier is mounted in,the carriage, and 
the output of the crystal i is fed to: ‘meter. 
ally, it is possible to use a sensitive meter directly 


but in some cases anamplifier i isrequired. Figure 





75 shows the carriage and crystal holder with a 


fitting for a coaxiy, cable. 





61. Directional Gouplen 


A directional coupler (fig. 76) generally i is used. 


to measure the’ reflected signal in a waveguide. 
The directional-coupler requires no. manipulation 





a conve utiona ransmission. 


Gener- 
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Figure 75. Slotted section. 


and can be sealed to make a permanent part of a 
pressurized waveguide system. Figure 77 shows 
the basis for the theory underlying the use of the 
directional coupler. In figure 76, a main wave- 
guide has an. auxiliary Seal coupled to it 
by means of two small holes. Referring, now, to 


A of figure 77, it is seen that when a signal travels 


from left to right in the main waveguide, some 
energy leaks into the auxiliary guide through the 
holes at WX and YZ, and that the signal in the 
auxiliary guide at Z is composed of two ‘parts. 
Some energy leaks through the hole at WX and 
travels from X to Z. Additional energy travels — 
from W to Y and then leaks through the hole at 
YZ. Since distance WY and XZ are equal, the 


_two parts of the signal will be in phase and some 


energy will be propagated from left to right in 
the auxiliary guide. Propagation of a signal in 
the opposite direction in the auxiliary guide, as 
ilustrated in B, depends on the spacing between 
the holes. | Seme* energy leaks directly through 
the hole at WX. Additional energy travels from 
W to Y, leaks through the hole at YZ, and then 
travels back from Zto X. The longer path differs 
from the shorter: path by twice the spacing between 
the holes. If, then, the holes are separated by a 
distance },/4, thé: two sionals will be out of phase 
at X and no energy will be propagated from right 
to left in the auailary guide. Energy from the 


direct signal leaks*inéo the directional coupler 
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Figure 76. Directional coupler. 


and travels in the same direction to the right-hand 
end, where it is absorbed by a nonreflecting 
_ termination which is a resistive surface, the im- 
pedance of which matches that of the waveguide 
(fig. 76). Energy from the reflected signal leaks 
into the directional coupler and continues to the 
left-hand end, where it excites the probe. Any 
reflection from the left-hand termination of the 
directional coupler reaches the right-hand termina- 
tion and is absorbed. The probe is fitted with a 
crystal holder, as is the carriage of the slotted 
section shown in figure 75. The signal picked up 
by the probe is proportional to the strength of the 
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Figure v7. me Theory of directional coupler. 
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reflected signal in the main waveguide and does 
not depend on the level of the signal traveling in 
the other direction. A waveguide system fre- 


quently is fitted with two directional couplers, 


one to measure the strength of the desired signal 
and one to measure the level of the reflected signal. 
It is possible also to feed energy wnto the directional 
coupler through the probe. Some of this energy 
will be absorbed by the resistive termination, and 
the rest will leak through the two holes into the 
main waveguide. Because of the difference in the 
path lengths through the two holes, the energy 
that reaches the main waveguide will be propagated 
in only one direction. 


62. Attenuators 


It is sometimes necessary to adjust the power 
level in a waveguide, and this is done by means of 
an attenuator. Any of the various tuning devices 
will serve as attenuators, since they can be 
adjusted deliberately for an impedance mismatch. 
There then will be a reflected signal, and only a 
portion of the incident signal in the waveguide 
will be transmitted, since the remainder is re- 
flected. A more convenient device, however, is 
the shutter attenuator shown in A of figure 78. 


\ 





Figure 78. Shutter attenuator. 


a : 


B shows how the conducting shutter closes off 
most of the waveguide so that only a small 
amount of energy is passed. In many cases, it is 
desirable to attenuate the signal without intro- 
ducing any reflection, and this is accomplished by 
means of a dissipative attenuator (A of fig. 79). 
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SECTION A-A 


Figure 79. Dissipative attenuator. 


The structure consists of a holder carrying a card 
coated with a resistive material. This card is 
inserted in the waveguide, as in B, parallel to the 
electric field and it absorbs energy. If the resist- 
ance of the card has the proper value, the dissipa- 


-tive attenuator will not introduce reflection. The 


resistance of a conducting surface of this sort is 
specified in ohms per square without any unit of 


distance. In figure 80, A shows a square of con- 


ducting surface which may have any convenient 
dimensions—1 inch by 1 inch, for example. Two 


conducting bars are fastened to opposite sides of . 


the square, and the resistance between these is 
taken as # ohms. In B, the rectangle is 1 inch by 
2 inches, with a resistance of 2R ohms. However, 
two of these rectangles in parallel form the larger 
‘square, 2 inches by 2 inches, as shown in C, and 
this square has a resistance of R ohms. It follows 
that the resistance of any square will be the same 
as the resistance of any other square, and the 


behavior of the material is specified completely if | 


the ohms per square is known. The impedance 
of a transmission line is specified at some point, 
and that of a waveguide is specified at some plane 
perpendicular to the waveguide axis. The wave- 


guide is, therefore, like a conducting surface and 


its impedance is given in ohms per square. 
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Figure 80. Resistance of conductive surface. 


Section IV. COUPLINGS, JOINTS, BENDS, AND TERMINATIONS 


63. Coupling from Transmitter to Transmission 
System 


A microwave transmitter consists of a simple 
oscillator (together with its power supplies, modu- 
lator, and control circuits) operating at the desired 
output power level. Because of the difficulty of 
making a power amplifier for microwave fre- 
quencies, a power oscillator is used instead of the 
oscillator and power amplifier normally employed 





at lower frequencies. The oscillator is normally a 
multicavity magnetron, although a reflex klystron 
is used frequently in low-power applications 
(ch. 5). 
developed in a resonant cavity, or cavity resonator 
(ch. 4) which is an integral part of the tube struc- 
ture. Energy is taken from the cavity on a short 
length of coaxial line, which is also a part of the 
tube structure, and delivered to the transmission 
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In either case, microwave power is 











system, which may be either coaxial line or wave- 
guide. | | | 

a. Magnetron Coupling. In many S-band mag- 
netrons the coaxial line from the resonant cavity 
is terminated in fittings that allow it to be joined 
directly to a standard S-band coaxial transmission 
line. Figure 81 is a photograph of such a magne- 
tron. In magnetrons used at higher frequencies, 
and sometimes in S-band magnetrons, the coaxtal 


line from the resonant cavity is coupled to a short 


section of waveguide that is also a part of the 
- magnetron structure. This, then, is connected to 
the waveguide transmission system which carries 
the output of the magnetron. Although either 
rectangular or circular waveguide may be used 
for the output fitting, most magnetrons use 
rectangular waveguide. Figure 82 shows a 
magnetron of this sort. | 





S-band magnetron with coaxial line output 
fittings. 


Figure 81. 


b. Impedance Matching Between Magnetron and 
Line. A magnetron is designed to have an output 
impedance equal to the characteristic impedance 
of the transmission line with which it is used. 
(Transmission line as used here, means either a 
coaxial line or a hollow waveguide.) The magne- 
tron will, therefore, operate with reasonable 
efficiency when it is connected directly to a 
transmission line of the type it is designed to feed. 
For highest efficiency, however, it is usually nec- 
essary to insert a tuning device between the 
magnetron and. the transmission line. The tuning 
device is either a stub tuner (par. 58a) or a slug 
tuner (par. 596), depending on whether the trans- 
mission line is coaxial line or waveguide. As 
stated in the discussion on the theory of tuning 
devices of this sort (par. 58)), reflected signals are 
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load, is shown in figure 83. 





Figure 82. Magnetron with waveguide output fitting. 


introduced into the coaxial line or waveguide and 
the input impedance of the tuner is made to take 
any desired value. When the tuner is adjusted 
properly, the magnetron delivers maximum power 
to the transmission line. 

c. Transmission Line Tuning. A complete 
transmission system, coupling a magnetron to a 
Tuner X matches the | 
transmission line to the magnetron, and tuner Y 
matches the load to the line. The VSWR is 
measured at the slotted section (normally used 
with a coaxial-line system), and tuner Y is ad- 
justed until the VSWR is as close as possible to 
unity. With this adjustment, there is no re- 
flected signal to the left of tuner Y and the load 
is matched to the transmission line. The line to 
the left of tuner Y is said to be flat when there is 
no reflected signal. Following adjustment of 
tuner Y, tuner X is adjusted so that the magne- 
tron delivers maximum power to the line, the 
signal level being measured at the slotted section. 
With a waveguide transmission system, the slotted 
section generally is replaced by two directional 
couplers, although the slotted section can be used 
with waveguide. One directional coupler reads 
the reflected signal, and tuner Y is adjusted so 
that this has the smallest possible output. The 
other directional coupler reads the direct signal 
from the magnetron, and tuner X is adjusted so 


a 






MAGNETRON 
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Figure 88. 
that this has the greatest possible output. Tuner 
Y always is adjusted first. 

d. Preplumbed Systems. In many cases, the 
load and the magnetron are designed to match 
the transmission line, and both tuners are omitted. 
More frequently, the tuner next to the magnetron 
is omitted. The portion of the system from 
which the tuner is omitted is said to preplumbed. 
In general, preplumbed systems are used when 
maintenance is difficult to carry out. Although 
a system with tuners is slightly superior to a 


preplumbed system when the tuners are adjusted | 


properly, it is inferior when the tuners are adjusted 
badly. Because of this, the tuners are omitted 
whenever there is a likelihood that they will get 
out of adjustment between maintenance checks. 

e. Coupling From Klystron to Lane. The out- 


put of an S-bank klystron normally appears at a 


coaxial fitting. A conventional polyethylene di- 
electric flexible coaxial cable (which is kept as 
short as possible) is used to carry the signal to a 
rigid S-band coaxial line. When a klystron of 
this sort is used to feed a waveguide, the coaxial 
cable is connected to a probe of the type described 





Figure 84. X-band klystron coupled to waveguide. 
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Transmission line with tuners. 


in paragraph 47. Some S-band klystrons, and 
almost all klystrons operating at higher frequen- 
cies, have a short length of rigid small-diameter 
polystyrene dielectric coaxial line (fig. 28). When 
used as a transmitter, this type of klystron nor- 


mally is coupled to rectangular waveguide as 


shown in figure 84. Although the stub shown at 
the left may be preplumbed in a transmitter, it is 
usually adjustable. 


64, Coupling froin Transmission System to 
Receiver 


Although microwave receivers are discussed in 
detail in chapter 6, the problem of feeding energy 
from the transmission system to. the receiver 
necessarily is touched on briefly at this point. It 
is extremely difficult to amplify signals | at micro- 
wave frequencies and, therefore, a microwave 


receiver is almost always a superheterodyne in 


which the input is presented directly to the mixer. 

a. Coupling From Coazial Line. Figure 85, 
shows a coaxial line receiver coupling assembly. 
The line is terminated at the crystal mixer on the 
left, and the i-f output is taken out on a con- 
ventional flexible coaxial cable. The local oscil- 
lator signal is brought to the assembly on a second 
flexible coaxial cable and coupled to the mixer 
through the capacity between the local oscillator 
probe and the center conductor of the rigid line. 
The probe sometimes is adjustable but usually is 
preplumbed. The crystal mixer impedance nor- 
mally is not equal to the characteristic impedance 
of the rigid coaxial line, and a two-stub tuner is 
inserted between the receiver coupling assembly 
and the transmission system that feeds it. 

b. Coupling From Waveguide. Figtire 86 shows a 
waveguide receiver coupling assembly. This as- 
sembly is essentially the same as the coaxial-line 
assembly except that an adjustable stub is used to 
terminate the waveguide. The coupling is ad- 
justed by first finding the best position for the 
adjustable stub and then setting the tuner so that 
the complete coupling assembly is matched to the | 
waveguide that feeds it. The local oscillator 
probe is sometimes adjustable but is usually 
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Figure 86. 


preplumbed. The local oscillator signal is in- 
jected ahead of the tuner so that both the in- 
coming. signal and the local oscillator signal are 
changed in the same way by adjustment of the 
stub and tuner. Figure 87 shows the equivalent 


circuits of coaxial line and waveguide receiver 


coupling circuits. 

c. Low-Sensitivity Deine: In some cases, it 
is necessary to measure the level of a fairly strong 
signal on a microwave transmission line without 
disturbing the line itself by drawing an appreciable 
amount of power. This problem arises, for ex- 
ample, with a slotted section. The physical 
construction of such a coupling is shown in A of 


figure 88, and the equivalent circuit is shown in B. 


No tuner is necessary, since the probe projects 
only a little way into the interior of the coaxial 
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Waveguide receiver coupling assembly. 
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Coaxial line receiver coupling assembly. 
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Figure 87. Equivalent circuits of receiver couplany assembly. 


Probe coupling of ‘has type is 


directly at the transmission line (as in a slotted 
section). The output from a directional coupler, 


however, is taken with the more sensitive ar- 


rangement for the crystal (fig. 86), since the 
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Figure 88. Low-sensitivity coupling and equivalent circuit. 


coupler itself is only loosely coupled to the 
transmission line. 
stub are not used with a directional coupler.) 


65. Causling Between Coaxial Line and puave: 
guide , 


Coupling between the miniature coaxial line of 
an X-band reflex klystron and a rectangular wave- 
guide, where the klystron functions as a transmit- 
ter, has been discussed in paragraph 63¢ (fig. 84); 
a similar coupling is used where the klystron func- 
tions as the local oscillator of a receiver (fig. 86). 
When it is necessary to couple a normal coaxial 


line to a waveguide, this is accomplished in the | 


manner described below. Rigid coaxial line is 
shown (fig. 89) but the use of proper fittings will 
allow flexible coaxial line to be coupled to a wave- 
guide in the same way. 

a. Coupling Between Coaxial Line and Circular 
Waveguide. A coupling of this sort seldom is seen 
because there is little requirement forit. A shows 
a coupling that has the merit of being simple but 
is not very efficient. The coaxial line is termi- 
nated at the end wall of the waveguide and the 
center conductor is extended to form a probe. A 


(The tuner and the adjustable — 


more efficient coupling—one in which there is a 
better impedance match—is shown in B. This is 
rather bulky, since the tapered section usually is 
several guide-wavelengths. The coupling shown 
in B can be improved by the addition of a stub 
tuner, provided the tuner is adjusted correctly. 

If chores is any possibility of frequency variation 
under circumstances in which the tuner will not 
be readjusted immediately, it is preferable to omit 
the tuner entirely. Both couplings are designed 
for use with a circular waveguide operating in the 


TM,,; mode. 





Coupling between coaxial line and circular 
waveguide. 


Figure 89. 


6. Coupling Between Coaxral Line and Rectan- 
gular Waveguide. <A of figure 90, shows a simple 
coupling between coaxial line and rectangular 
waveguide. This is reasonably efficient, and can 


be improved by use of either’a waveguide or a 


coaxial line tuner. A more efficient coupling with 
a preplumbed tuner, shown in B, usually is used 


with a magnetron fitted with a waveguide output 


fitting (par. 63a). It is possible to eliminate 
almost all reflection from this coupling by making 
both the waveguide stub and the coaxial stub 
adjustable, provided only that the characteristic 
impedances of the waveguide and the coaxial line 
are reasonably similar. If the impedances differ 
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Figure 90. Coupling between coaxial line and rectangular 
. - waveguide. | 


widely, it is sometimes necessary to use a conven- 
tional tuner, and in this case the simpler coupling 

shown in A is used instead. Figure 91 shows a 
- goupling that is used to transfer a small portion 
of the energy in the waveguide to a coaxial line, 
or to add a small amount. of additional energy to 
that already present. Such a coupling is used, 
for example, to feed the signal from a local oscil- 
lator into a waveguide connected to the crystal 
mixer of a microwave receiver, although the ar- 
rangements discussed in paragraph 63 are more 
usual. It is used also to abstract a small amount 
of energy from the output-of a transmitter to feed 
a wavemeter. The probe extends only a short 
distance into the waveguide and hardly affects its 
operation. There is a very poor impedance match, 
however, at the end of the coaxial line, since it 1s 
terminated by a load that is nearly a short circuit. 
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The coaxial line is not tuned because the efficiency 
is rarely important in applications where this type 
of coupling is used. a 
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Figure 91. Loose coupling between coaxial line and 
rectangular waveguide. 


66. Coupling Between Rectangular and Circular 
Waveguides 


It is frequently necessary to couple rectangular 
and circular waveguides together (fig. 92) im 
order to make use of the rotating joint mentioned 
in paragraph 58f. This type of coupling fre- 
quently is preplumbed, but if some adjustment is 
desired for tuning, the probe is made in the form 
of a screw so that its length can be varied. For 
precise matching, the probe is made so that its 
length is adjustable and the fixed termination at 
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Figure 92. Coupling between rectangular and circular 
waveguide. 


the right is replaced by an adjustable stub, but 
this refinement ordinarily is not required. 


67. Rotating Joints 


The rotating joint used with coaxial line already 
has been described in paragraph 58f. The rotat- 
ing joint used with circular waveguide (fig. 93) 
consists of two circular plates, one carried on 
each of the rotating waveguide sections. One 
of the plates, called a choke plate, is grooved. 
The other, called a flange, is simply a flat disk. 
The groove is essentially a shorted section of 
coaxial line, and its depth is chosen so that it will 
have an electrical length of a quarter-wave. The 
impedance at X, looking out from the waveguide, 
is the impedance of the groove in series with the 
impedance of the gap between the choke plate and 
the flange. Since the groove is a quarter-wave 


line terminated in a short, its impedance is infinite. » 


The total impedance at X is then always infinite 
for reasonable separation between the choke 
plate and the flange. Since the mouth of the 
groove is a quarter-wavelength from the inner 
wall of the waveguide, the impedance at Y is 
that of a quarter-wave section terminated by an 
open circuit, and this is zero. 


long as the two plates are not separated by more 
than a 1 quarter-wavelength or so. 
affected by any electrical connection at the circum- 
ference of the plates and, consequently, it is 
possible to seal the joint if the waveguide is to 
be pressurized. A poor electrical contact at the 
seal, or even an intermittent one, will not affect 


the operation of the joint. This system is similar 
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Figure 98. Waveguide rotating joint. 


The waveguide, | 
therefore, appears to have continuous walls as 


This is not 


to the one used at the outer conductor of the 
coaxial line rotating joint. The same method, 
using a choke groove, is used to insure good 
electrical termination in an adjustable waveguide 
stub (par. 59c). 


68. Fixed Joints Between Sections of Trans- 
mission System 


A microwave transmission system normally is 
made up of a number of sections that can be 
separated for inspection, cleaning, and possible 
replacement. Standard joint fittings are used to 
connect adjacent sections. | | 

a. Fixed Joint in Coaxial Line. Details of the 
standard S-band coaxial-line jomt shown as- 
sembled in C of figure 94 with male and female 
fittings illustrated in A and B, respectively. A 
clip fastening device holds the two parts of the 
joint together. Short sections of coaxial line have 
single quarterwave stub supports to hold the inner 
conductor in its proper position, and longer sec- 
tions have stub supports at each end. — | 

b. Fixed Joint in Waveguide. 'Two sections of 
waveguide may be joined by providing each one 
with a flange fitting and securing the joint with 
several bolts. This normally is not done, how- | 
ever, because undesired reflections are developed 
at the joint if it is misalined (fig. 95). To mini- 


mize the possibility of reflections, a waveguide 


joint usually is made like the rotating joint shown 
in figure 93, in which one section is fitted with a 
choke plate and the other is fitted with a flange. 
This is called a choke joint and it is preferable to 
the simple joint in figure 95 because the walls of 
the waveguide are electrically smooth even though 
they do not touch each other. Figure 96 shows 
a cross section of a choke joint. The theory of 
the choke joint is precisely the same as that of 
the rotating joint. As explained in paragraph 67, 


the waveguide walls are electrically continuous at 


the joint, and the electrical distance between the 
groove and the inner surface of the waveguide wall 
is a quarter-wavelength. A of figure 97, shows a 
choke fitting for use with circular waveguide. A 
choke fitting for use with rectangular waveguide 
is shown in B. The distance from the waveguide 
wall to the groove is, of course, different at differ- 
ent parts of the joint. Distance X—-Y, where the 
electrical field is strongest, is made equal to a 
quarter-electrical-wavelengeth, and this is usually 
satisfactory. A of figure 98, shows an X-band 
rectangular waveguide with a choke fitting; B is 


69 























Figure 94. Joint for coaxial line. 
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Figure 95. Effect of misalinement in waveguide joint. 








DB ) 
y y 
Y FLANGE 
Y y FITTING 


SS 


SN 






CHOKE — 
FITTING 


| TM 673-368 
Figure 96. Choke joint. 
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Figure 97. Choke fittings. 


Figure 98. 





Rectangular waveguide joint. 


the adjacent section with a flange fitting; and C 
shows the assembled joint with bolts in place. 

c. Wobble Joint in Waveguide. It is frequently 
desirable to secure a waveguide transmission line 
to the structure of a ship or an aircraft while the 
unit which feeds the waveguide (a receiver, a 
transmitter, or a combination of both) is shock- 
mounted. The r-f unit then will be free to move 
slightly in relation to the waveguide.. It is 
possible to make a connection to the waveguide by 
~ using a flexible section, but the usual method uses 
a wobble joint. A wobble joint is nothing more 
than a conventional choke joint in which the 
choke and flange fittings are separated by a dis- 
tance of approximately 4%. inch. It is possible 
to move one section of the wobble joint in relation 
to the other for a considerable distance without 
causing any ill effects, because the presence of the 
choke groove creates a smooth-walled joint having 


electrical continuity. In a typical wobble joint, 
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Figure 99. Various taba of wobble joint in rectangular 


- waveguide. 
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_-are used with circular waveguide. 
of a mitered bend depends on reflection from the 
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shifts of #2 inch in any direction and rotations of 
2° about any axis are permissible. It is customary 
to use a wobble joint with rectangular waveguide. 
If circular waveguide is used instead, the joint is 
electrically identical with the rotating joint 


described in paragraph 67 and either section may 


rotate through any angle about its electrical axis. 
Various positions of a wobble joint are shown, with — 
some exaggeration, in figure 99. 


69. Bends, Twists, and Flexible Sections 


Special sections of coaxial line or waveguide are 


used when it is necessary to run a transmission 


system around corners. These are usually bends 
of various sorts and, in rectangular waveguide, 
they are twisted sections. A number of 
representative types are described below. 

a. Coamal Line Bends. A of figure 100, shows 
a smooth bend in coaxial line and B shows a 
right-angle bend. The quarter-wave stub sup- 
ports, previously described, can be seen clearly. 
A smooth bend should be used in preference to a 
right-angle bend whenever there is any choice in 
the matter, since it is less likely to produce 


_ reflected sionals. 


b. Waveguide Bends. Bends in rectangular — 


- waveguide may be classified as H-bends (in which — 
_ the waveguide is bent up or down, in the plane of 


the electric field) and H-bends (in which the guide 
is bent ‘sideways, in the plane of the magnetic 
A of figure 101, shows a smooth E-bend 


in X-band rectangular Warouide: B is a smooth 


_ H-bend; C is a smooth bend in circular waveguide. — 


The operation of bends of this type depends on — 


the fact that any signal in the waveguide excites 


all the modes that are not suppressed. As 
long as the bend is smooth and gradual, very little 
reflection is produced. When it is necessary for 
the waveguide to bend sharply, a mitered bend is 
used. In figure 102, A is a mitered E-bend, and 
B is a mitered H-bend. Mitered bends rarely. 
The operation 


45° wall, and this inevitably sends some of the 
sional back along the waveguide, as shown in 
figure 103. A smooth bend should be used 
instead of a mitered bend whenever there is a 
choice. | | 

c. Twists. There is no occasion to use a twisted 
section of coaxial line because there is no special 
plane like the plane of polarization in a rectangular 
waveguide. For the same reason, there is. no 
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Figure 100. Coaxial line bends. 








Figure 101. ~ Smooth waveguide bends. 


occasion to use a twisted section with circular 
waveguide operating in the 7/4,, mode. It 
sometimes happens that it is necessary to change 
the plane of polarization of rectangular waveguide, 
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s 


and a twisted section is used for this purpose. 
‘Figure 104 shows a twisted section of X-band 


rectangular waveguide, and figure 105 shows an 
installation using twisted sections. 


i\ 





Figure 102. Mitered waveguide bends. 
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Figure 108. Reflected signal from mitered bend. 


d. Flexible Sections. Flexible coaxial line is 
familiar to everyone with experience in the field 
of communications. Its use at microwave fre- 
quencies is avoided wherever possible because it 
has much higher losses than either waveguide or 
rigid coaxial line. Flexible waveguide is available, 
but its use is limited for the same reason—high 
losses. One type of flexible waveguide uses a 
woven conductor like shield braid. This is formed 
in a circular or rectangular tube and surrounded 
by a molded rubber tube of the same shape. The 
rubber sheath serves to hold the flexible conductor 
in the correct shape and maintains the desired 
circular or rectangular form of the waveguide. 


Another type consists of a spiral of flat. metal — 
ribbon, each turn being in electrical contact with — 

its neighbors. As before, a rubber sheath sur- 
rounds the conductor and holds the turns in the 
proper relation to each other. A third type of 
flexible waveguide makes use of a number of choke 
fittings. These are held in a rubber sheath and 
form a very flexible guide that is free from troubles 
resulting from poor electrical contact. In general, 
flexible waveguide is avoided when a rotating 
joint or a wobble joint can be used instead. One 
type of flexible waveguide is illustrated in figure 
106. | : | 








_ Figure 104. X-band waveguide. twist. 


RO 






TATING 
OINT. 





TM 673-377 


Figure 105. Waveguide installation with twists. 





Figure 106. Flexible X-band waveguide. 
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70. Tee Junctions 


Tee junctions in coaxial line have been described 
in connection with the stub tuner (par. 58a and 
fig.60). The quarter-wave stub support is another 
example of a tee junction. Two types of tee junc- 
tion are used with rectangular waveguide. Both 
of these, the E-junction and the H-junction, were 
described in paragraph 59c and shown in figure 73. 
Tee junctions seldom are used with circular wave- 
guide. In addition to the junctions already de- 
scribed, there is an interesting double junction 
called a magic tee (fig. 107). This consists of a 
length of rectangular waveguide with an E- 
junction and an H-junction added at the same 
point. If a signal is fed in at A or at B, there will 
be some output from each of the other branches 
of the tee. If, however, a signal is fed in at C or 
at D there will be output only from branches A 
and B.. A of figure 108 shows what happens when 
there is an input from branch C. The electric 
field is in opposite directions in the right and left 
portions of branch D and attempts to excite either 


a TM mode or a TH, mode. Both of these are 


suppressed by choice of the waveguide dimensions, 


and no energy is propagated down the branch. - 


B illustrates what happens when there is an input 
at branch D. Here, the electric field attempts to 
excite the TH)» mode in branch C, but this is 
suppressed as before. The junction will not 
behave in precisely the desired way unless branches 


A and B are flat. If any signal is reflected back ~ 


in either of these branches, it will feed all of the 
other branches and there will be some coupling 
between branches C and D. A magic tee can be 
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Figure 107. Magic tee. 
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Figure 108. Operation of magic tee. 


used in place of a directional coupler, and it is 
somewhat more sensitive in detecting reflected 
signals. The direct signal is fed in at C and out 
to the remainder of the transmission system from 
A. Branch B is terminated properly, and a de- 
tector is connected to branch D. So long as the 
transmission system is flat (and branch A is 


terminated correctly), there will be no signal at 
D. If, however, there is any reflected signal, a 
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Figure 109. Tapered horn termination. 


portion of it will reach the detector through ~ 


branch D. : | 


71. Coupling to Antenna 


A transmission system, whether coaxial line or 
waveguide, usually runs from a transmitter to an 
antenna or from an antenna to a receiver. 


fore, include some discussion of the devices used 
for coupling between the antenna and the trans- 


72. Use of Solid Dielectric 


Waveguides, instead of being filled with air, 
sometimes are filled with a solid dielectric. This 
increases the losses tremendously, but also raises 
the power-handling capacity by permitting the 
use of stronger electric fields because the break- 
down voltage—the voltage at which an arc is 
formed—is higher for a good, solid dielectric than 
for air. This is the same effect that permits an 
oil-filled capacitor to operate at a higher voltage 
than an air capacitor. The behavior of a filled 
waveguide is the same as that of a conventional 
air-filled waveguide, except that, in all calcula- 
tions, \, must be replaced by dy (the wavelength 
of the signals in the dielectric) and dg is equal 
to Aq Vk where & is the dielectric constant of the 
material. Another application of solid dielectric 
is in the dielectric waveguide, which is nothing 
more than a solid rod of dielectric. This acts like 
a waveguide because signals traveling in the 
dielectric are reflected at the boundary. Reflection 
takes place because of the difference between the 
impedance of the dielectric and that of the sur- 
rounding space; the reflection at an impedance 
discontinuity is similar to the reflection at an 
impedance mismatch on a transmission line. The 
dielectric waveguide seldom is used. Not only 
does it have high losses; it also radiates to some 


extent because reflection at the boundary is not 


complete. 


73. Single-Conductor Surface Wave Transmis- 


sion Line 


Paragraph 46 mentioned the use of a single 
conductor as a guiding surface for microwaves. 
A transmission line of this sort generally is called 
a surface waveguide or, more briefly, a G-line, from 
the initials of its originator, G. Goubau. It is 
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Any | 


consideration of transmission systems must, there- 


‘mission line. This discussion will be deferred 
until chapter 7, which deals with microwave 


antennas. For the moment it is sufficient to note 
that there is always the problem of impedance 
matching at the antenna coupling. This problem © 
frequently is met by the use of a preplumbed 
tapered section, and a tuner often is added for 
more precise matching. One example of a tapered 
matching unit is the horn termination shown in 
figure 109. Others are discussed in chapter 7. 


Section V. OTHER WAVEGUIDES 


described briefly in order to emphasize the fact 
that a single-conductor guiding structure need 
not be a hollow waveguide. 

a. G-Line. The surface waveguide, or open 
waveguide that has been thoroughly investigated, — 
is the conventional two-wire line. This type of 
line is useful at frequencies up to and including 


the vhf range. The small spacing required be- 


tween the wires at higher frequencies and the 
difficulty of maintaining perfect symmetry to pre- 
vent excessive radiation make the two-wire line 
less useful’ at higher frequencies. The single- 
conductor line as an open waveguide is of par-. 


. ticular interest, since it appears to be the simplest 
waveguide, and is most useful in the microwave 


ranges. Open waveguides have two advantages: 
They are less bulky and less expensive, and, since 
the field is not confined to a small area, as in a 
coaxial line or waveguide, the field density is low. 
This, in turn, has the effect that, under com- 
parable conditions, the resistive and dielectric 
losses of open guides are much smaller than those 
of closed guides. The only practical wave mode 
that is guided by a single conductor is a radially 
symmetrical transverse magnetic mode. The 
radial extension of the field, by reducing the phase 
velocity, can be controlled by modifying the con- 
ductor surface. The simplest modification of the 
conductor surface is the application of a dielectric 
layer such as ordinary enamel or polyethylene. 
A very thin layer of dielectric will reduce the 
extension of the field considerably. Since the 
part of the energy that is propagated within the 
dielectric layer is small, the loss resulting from. 
the dielectric material is almost negligible. A 
practical method of launching the surface wave on 
a single conductor becomes evident if the field of 
this wave (fig. 110) is compared with the field of 
a wave in a coaxial line. Starting with a coaxial- 
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Figure 110. Single-conductor, open-quide field pattern. 





A. Launching of surface wave. 


Figure 111. 
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B. Sketch of surface wave transmission line. 


Surface wave. 


line section, with the inner conductor having a 
dielectric coating, or layer, and the outer con- 
ductor of the coaxial section gradually increased 
until it is so large that it no longer affects the 


field very much, the field distribution becomes 


that of the open waveguide. The field lines i in 
A of figure 111 give a rough idea of how the : sur- 
face wave develops. The complete set-tip for a 
surface wave transmission line is shown in B. 
The single- conductor, surface wave line is useful 
throughout the microwave frequency range. The 
line must be kept straight and clear of field ob- 
structions as determined by the diameter of the 
launching horn. In addition, the line must be 
free of bends and kinks to prevent radiation loss. 
b. Single-Wire Feed. Half-wave antennas at 
low frequencies sometimes are fed a short dis- 
tance from the center by single wire. Of all the 
feeder systems available, this is probably the 
least desirable because the energy is transported 
by a radiating wave and its efficiency is low as a 
result of radiation. The radiating wave is like 
that on a long-wire antenna and not like the wave 


launched in the G-line at microwave frequencies, 


which is a nonradiating mode. 


74. Coupling Between G-Line and Waveguide 


A convenient method of feeding a G-line is 
from a section of waveguide, and the energy is 


received from the G-line with another section of 
waveguide. The coupling at each end of the 
G-line is the same, and consists of a tapered horn 
which matches a coaxial section to the surface 
waveguide. In order to support the surface 
guide, the coaxial section is made short and it is 
coupled to rectangular waveguide. The probe 


which couples the rectangular guide to the coaxial 


section then is used as a support for the G-line 
conductor (fig. 112). 
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Figure 112. Coupling to G-line. 


Section VI. PRACTICAL CONSIDERATIONS 


75. Typical Transmission System Tuning 


Most of the components used in microwave 
transmission systems are described in the earlier 
sections of this chapter. A portion of the trans- 
mission system of a microwave radar is shown in 
figure 113. This is a simple transmission system 
which shows how the various elements operate 
together. Although the system does not use all 
of the components that have been described, it is 
sufficiently complete to be a good example. The 
illustration shows a waveguide system, but the 
description of tuning procedure is directly appli- 
cable to a coaxial-line system, except that slotted 
sections are used instead of directional couplers. 
The remainder of the transmission system, which 
connects to the transmitter and receiver, uses 
devices called TR (transmit-receive) and ATR 
(anti-transmit-receive) tubes. ‘These remove the 
receiver from the system while the transmitter 





operates, and also remove the transmitter from 
the system during the periods when the receiver 
is operating. The TR and ATR tubes, which 
act as switches, are mounted in resonant cavities. 
This portion of the system is discussed in chapter 4. 

a. Tumng Antenna Feed. The entire tuning 
process is carried out with the transmitter operat- 
ing and with the antenna pointed at the sky. 
Pointing the antenna away from any possible 
target prevents entrance into the system of all 


signals traveling from the antenna, except those 


that result from mistuning and consequent reflec- 
tion. The antenna feed is tuned by the tuner 
immediately adjacent to the tapered horn. An 
indicator is connected to the directional coupler 


marked X (fig. 113) and the tuner is adjusted so 


that the output of the coupler drops to zero. 
The transmission system is then flat. from the 
antenna end of the elevation joint to the antenna. 


77 












TAPERED HORN 





TUNER 


DIRECTIONAL 
COUPLER 





<r ett) ADJUSTABLE STUB 
5 ADJUSTABLE PROBE 

DIRECTIONAL COUPLERS 7 

a TM 673-385 


Figure 1 1 8. Transmission system with joes and 
adjustments. 


b. Tuning Rotating Joints. After the antenna 
feed has been tuned, the indicating device is 
transferred to the directional coupler marked Y. 
The adjustable stub and adjustable probe are set 
in positions for which the directional coupler has 
no output. The system then is flat from the 
lower end of the azimuth joint back to the next 
_ discontinuity in the line. (This is probably the 
point where the line branches to connect to the 
receiver-and the transmitter.) When this adjust- 
ment has been made, the system will be free from 
reflections caused by impedance mismatch, except 
in the portion between the antenna end. of the 
elevation joint and the lower end of the azimuth 
joint. 
(between rectangular and circular guide) are pre- 
plumbed, there will be very little reflection. It 
would, of course, be possible to add more adjust- 
ments, but it probably would not be desirable, 
since only a little improvement could be obtained. 

c. Further Adjustments. The indicating device 


may be transferred to the directional coupler 


marked Z in order to read the power input to this 
portion of the system. , 


76. Care of Transmission Systems | 


Almost all microwave transmission systems are 
filled with dry air under pressure and are sealed 
and, therefore, they require very little main- 
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If the three nonadjustable couplings 


tenance. From time to time they may be taken 
apart for inspection, and they must be treated 
with care to avoid bending or denting the walls. 
Any dirt, moisture, or corrosion within a wave- 
guide or a coaxial line will increase the attenuation 
markedly. Any dents or scratches also will 
increase the losses and will increase the tendency 
toward arcing, thus limiting the power-handling 


capability of the transmission system. Since 


most waveguide is made of brass or aluminum, 
both of which are relatively soft, protection of the 
guide is a very real problem. Microwave test 
equipment frequently is plated with silver or gold — 
to make it corrosion-resistant. It is, however, © 
just as vulnerable to moisture and to physical 
damage as ordinary unplated waveguide. Wave- 
guide is fabricated to extremely close tolerances, 
and finished inside to extreme smoothness. An 


attempt to repair the waveguide sections or com- 


ponents is, therefore, inadvisable if replacement 


parts can be obtained. A proper attitude toward 
a microwave transmission. system is summed up 


in three sentences— 
KEEP IT CLEAN! 
KEEP IT DRY! 
DON’T DENT IT! 


77. Summary 


a. Electromagnetic waves that travel through 
space, or through a uniform medium, are called 
unguided waves. Those that travel along a 
guiding structure, which defines the path followed 
by the waves, are called guided waves. At 
frequencies below the microwave region, the usual 
guiding structure is a conventional transmission 
line—coaxial, two-wire, or one-wire with ground 
return. At microwave frequencies, the usual 
euiding structure is a hollow waveguide, although 
rigid coaxial line is used at frequencies up to 3,000 
mc per second, and surface waveguide sometimes 
is used at higher frequencies. 
 b. Hollow waveguide, used as a guiding structure 
or transmission line at microwave frequencies, 
consists of metal tubing. It is usually either 
rectangular or circular in shape. | 

¢. The behavior of any transmission line may — 
be considered on the basis of voltages and currents 
or from the standpoint of electric and magnetic 
fields. With conventional transmission lines, the 
voltage-current approach is much simpler than 


oA 


the field approach, but with hollow waveguides it. 
is easier to consider transmission of energy in 


terms of the fields involved. Even when the 
voltage-current approach is replaced by the field 


approach, such concepts as characteristic im- 


pedance, direct and reflected signals, and standing 
wave ratio are useful. Tuning a waveguide trans- 
mission system is, therefore, much the same as 
tuning a conventional transmission system. 

d. Components used with coaxial line trans- 
mission systems at microwave frequencies are 
similar to those used at lower {frequencies except 
that they- are adapted for use with rigid coaxial 


line. Components used with hollow waveguide 
systems are essentially similar except for the 


absence of the inner conductor. Certain wave- 
guide components, however, such as the magic 
tee and the directional coupler, have no low- 
frequency counterparts. | 

e. A hollow waveguide can carry energy in an 
infinite number of ways, each way having a 
different pattern of electric and magnetic fields. 
These ways are called modes, and every mode is 
either a JE (transverse electric) mode, a 7M 
(transverse magnetic) mode, or a combination of 
the two. Associated with each mode is a cut-off 
wavelength and a corresponding cut-off frequency. 
A waveguide will not carry energy at a given mode 
unless the operating frequency is above the cut-off 
frequency for that mode. The cut-off frequency. 
and the wavelength depend on the dimensions of 
the waveguide. 

f. The mode having the lowest cut-off frequency, 
and the longest cut-off wavelength, is known as the 
dominant mode. ‘The dimensions of rectangular 
waveguide ordinarily are chosen so that operation 
at the frequency in use is impossible except at the 
dominant mode. | 

g. Each mode has associated with it a particular 
guide wavelength, a phase velocity, and a group 
velocity. These depend on the dimensions of the 
waveguide, on the operating frequency, and on 
the mode of transmission. ‘| | 
is always longer than the wavelength associated 
with the same frequency for transmission through 
space. The phase velocity, the velocity with which 
the field pattern moves through the waveguide, 


is greater than the velocity with which signals 


travel through space. The group velocity, the 
velocity with which energy is transported through 
the waveguide, is less than the velocity of the 
signals in space. 

h. Waveguide transmission systems are tuned 


The guide wavelength — 





in the same way as conventional transmission 
systems—by adjusting impedance-matching de- 
vices in order to minimize reflected signals. 

1. Waveguide and waveguide components are — 
made of metal and, therefore, are strong. They 
must, however, be handled with great care, and it 
is necessary to avoid denting the walls or scratch- 


ing the interior surface. In addition, the inside of 


the waveguide must be kept clean and dry at all 
times. | . 


78. Review Questions 


a. Distinguish between guided and unguided 
waves. 

6b. What types of transmission systems are 
used at microwave frequencies ? 

c. What is the maximum length of coaxial line - 
used in S-band systems? In X- and K-band 
systems? 

d. Why is the use of coaxial line ee ed in 
the K- and X-bands except for coupling purposes? > 

e. Is the electric field in a coaxial line directed 
from the positive to the negative conductor, or 
vice versa? To what is the strength of the elec- . 
tric field in a coaxial line proportional? 

f. Describe the direction of the magnetic field 
in a coaxial line. 

g. What does the term paeevae describe? 
What two types are in common use? 

h. Which dimension of a rectangular waveguide 
is referred to as the height—the shorter or the 
longer? 

i. Is the electric field in a waveguide parallel 
to the longer dimension of the guide? | 

4. If b is the width of the waveguide, » the 
wavelength of the signals, and B the angle that 


. the path of the electromagnetic waves makes with 


the sides of the waveguide, give the equation that 
expresses the relationship between them. | 

k. Can the angle B of the equation in question 
(7) be any angle? 

1. How may the patterns of the electric and 
magnetic fields in waveguide be determined ? 

_m. Does the electric field vanish at the side 
walls of a waveguide? Is the transverse magnetic 
field present at the side walls? 

n. Cana waveguide transmit energy if the wave-— 
length in air, «a, is less than the cut-off wave- 
length, A,? 

o. What is the velocity with which energy is — 
transmitted along waveguide called? | 
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-». What is the velocity with which the field 
pattern travels along waveguide called? 

g. What are the full names for the TH and 7M 
modes? 

-r. Why should the largest possible waveguide 
that will allow suppression of the undesired modes 
be used? 

s. How may the operating wavelength of micro- 
wave equipment be estimated when rectangular 
waveguide is used ? 


t. With reference to circular aecie. to what 


does the m in TM,» refer? 


u. What is the approximate diameter of eeulae 
waveguide used in S-band systems? 

v. What does a double-stub section in coaxial 
line do? 

w. In terms of wavelength, through what range 
may a tuning stub be adjusted ? 
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x. For what is a line stretcher used in coaxial 


line? 


y. How does a tuning slug in waveguide cancel 
the signal reflected from the load? 

z. When are window tuners useful? 
aa. What is the purpose of a slotted section in 
waveguide ? 

ab. What signal is measured by a directional 
coupler ? 

ac. Why is a directional coupler desirable in a 
pressurized waveguide system? _ 

ad. What is the purpose of an attenuator in a . 
waveguide? 

ae. What is a preplumbed system? 

af. What is the chief disadvantage of a filled 
waveguide? | 

ag. What three sentences of three words each 
sum.up the proper attitude toward the care of 
microwave transmission systems ? 


CHAPTER 4 
CAVITY RESONATORS 





~ Section I. THEORY 


79. Introduction 


A cavity resonator, sometimes called a resonant 
cavity, is nothing more than a space bounded by 
conducting walls—a hollow conductor. Cavity 
resonators are used, at microwave frequencies, in 
place of the L—-C (inductance-capacitance) cir- 
cuits and transmission line stubs employed at 
lower frequencies. The behavior of cavity reso- 
nators is discussed in detail in the following para- 
graphs. Before proceeding to this analysis, it is 
desirable to examine the behavior of a simple 
cavity, to gain an understanding of how it 
resonates. 

a. Reinforcement of Signals. Consider the sec- 
tion of rectangular waveguide excited in the 
TF), mode by a small probe, which is shown in 
figure 114. The transmission system that sup- 
plies energy to the probe is not shown, since it 
does not enter the discussion. The waveguide 
extends a distance; X, to the left of the probe, 


where it is terminated by a conducting wall, and 


it extends indefinitely far to the right of the probe. 
The probe, of course, radiates signals to the right 


and to the left, and at any instant the signal mov- © 


ing to the right is made up of two parts. One 
part is simply the signal that the probe radiates 
to the right; the other part is the signal that has 
been reflected from the termination at the left— 
the signal that was radiated to the left by the probe 
a short time before. Now, if distance X is equal 
to d,/4, the signal radiated to the left must travel 
a half-cuide-wavelength before it returns to the 
probe. Its phase is reversed on reflection at the 
conducting wall, so that it reaches the probe with 
a phase shift of 180°. Because it travels a half- 
guide-wavelength, its traveling time is exactly 
1 half-cycle, and during this time the phase of 
the signal radiated by the probe also changes by 
180°. If, therefore, distance X is one-quarter of 


d, (the guide wavelength), the signal radiated to 


energy needs to be supplied by the probe. 





the right, by the probe, will be reinforced by the 
reflected signal, originally radiated to the left by 
the probe, which is traveling to the right. If dis- 
tance X is changed, the traveling time also is 
changed. The phase shift in the reflected signal, 
however, is always 180°, since it results from 
reflection at the terminating wall and not from 
traveling time. It follows, therefore, that the 
reflected signal will reinforce the signal radiated 
to the right whenever the traveling time is an odd 
number of half-cycles, since the phase shift at the 
probe during this time is, then, 180° plus some 
whole number of cycles. Reinforcement there- 
fore occurs whenever 2X is an odd number of 
half-guide-wavelengths, or whenever 4 is an odd 
multiple of A,/4. 





™ 673- 434 
Figure 114. Waveguide cena by conducting wall 


b. Simple Resonator. Now, consider the reso- 
nant cavity shown in figure 115. This consists of 
a section of waveguide similar to the one discussed 
above, except that it is terminated in both direc- 
tions by conducting walls. If, now, both X and Y 
are odd multiples of \,/4, signals radiated to the 
right will be reinforced by those reflected from the 
left-hand wall, and signals radiated to the left will 
be reinforced by those reflected from the right- 
hand wall. The bulk of the signal, in each direc- 
tion, consequently, is supplied by reflection from 
the opposite end, and only a small amount of 
For a 
given signal level in the cavity, the required input 
power is a minimum when X and Y are odd 
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multiples of a quarter-guide-wavelength. Alterna- 
tively, for a given signal input, the signal level in 
the cavity is greatest when X and Y are odd 
multiples of \,/4. The wavelengths or frequencies 
for which this is true are said to be characteristic 
- frequencies of the cavity, and the cavity is said to 
resonate at these frequencies. The relation be- 
— tween X, Y, and X, is tabulated below for the four 


characteristic frequencies having the longest guide- 


wavelengths. Note that there are several possible 
positions for the probe at the higher characteristic 
frequencies. The longest guide-wavelength is the 
one for which the length of the cavity is \,/2, and 
the guide-wavelengths of the other characteristic 
frequencies are in the ratio 1, 1/2, 1/3, 1/4, and so 
on. Unfortunately, the relation between A, and 
h, is not the same for all of the characteristic 
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Figure 115. Simple resonant cavity. 


frequencies, and the wavelengths in air do not 
satisfy this simple relation, nor are the character- 
istic frequencies related by the reciprocals of these 
ratios (1, 2, 3, 4, and so on). Note that a second 
probe can be added to take energy out of the cavity. 
If, then, the input probe is excited at a constant 
signal level, the signal level in the cavity will be a 
maximum when the cavity resonates (the resonant 
frequency of the cavity may be changed by tuning 
it, or the frequency of the input signal may be 
changed to obtain resonance) and the energy 
transferred to the output probe also will be a 
maximum at resonance, since the output probe 
takes energy from the cavity. — 
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80. Principles of Resonant Circuits 


Since the behavior of a cavity resonator re- 
sembles that of an L-C circuit as well as that of 
a transmission line section, it is convenient to 


introduce the detailed analysis of resonator be- 


havior by examining the behavior of the two con- 
ventional circuits. 

a. Resonant L-C Circuit. Consider the shunt- 
resonant, zero-resistance L-C circuit shown in fig- 
ure 116. This consists of an inductor, ZL, in paral-. 
lel with a capacitor, C. When an alternating 
voltage is applied to the terminals of this circuit, 
the phase of the current through the inductor is 
90° behind the phase of the applied voltage. The 
phase of the current through the capacitor is 90° 


~ ahead of the phase of the applied voltage, and the 


two currents (through the inductor and the 
capacitor) therefore differ in phase by 180°. At 
any frequency, the two currents cancel each other 
to some extent; however, at the resonant fre- 
quency, f,, the two currents are equal in magni- 
tude (and opposite in phase). Consequently, they 
cancel each other completely and no current flows 
through the Z-C circuit from the external source, 
although heavy circulating current flows in the 
circuit loop. The resonant frequency is defined 
by the relation, | | 
id 

2nV¥LC 

At its resonant frequency, the impedance of this 
circuit is infinite: It passes no current. In prac- 


Ie 


tice, the inductor has some resistance and the 


capacitor may have both lead resistance and leak- 
age. The impedance at resonance in the practical 
case is, therefore, not infinite, but only very great. 





a TM 673-433 
Figure 116. Resonant L-C circuit. 


For the purpose of this discussion, it is sufficient 
to note that the impedance is injinite, or very 
high, at the resonant frequency. 
6. Resonant Transmission-Line Section. 
(1) The circuit shown in A of figure 117, is 


statement. that the input impedance is 
unfinite whenever the frequency of the 
applied signal is such that X is an odd 
number of quarter-wavelengths. Now, 
consider the circuit shown in B of figure 


nothing more than a section of transmis- 
sion line, of length X, terminated by a 
short circuit. The previous discussion 
of stub tuning makes it clear that there 
will be a reflected signal whenever an 
alternating voltage is applied to the input 
terminals of the shorted section of trans- 
mission line. The amplitude of the re- 
flected signal will be equal to that of the 
direct signal and, at the termination, 
their phases will differ by 180°. This 
condition is imposed by the fact that the 
terminating impedance is zero. The 
voltage at the termination is zero, since 
the direct and reflected signals have equal 
amplitudes and differ in phase by 180°. 
The current, however, is not zero, since 
the currents of the direct and the re- 
flected signals add directly; forward cur- 
rent for the direct signal flows in the 
same direction as backward current for 
the reflected signal. At a point a 
quarter-wavelength from the termina- 
tion, the phase of the direct signal is 
advanced by 90°, and that of the reflected 
signal is retarded by 90°. The two sig- 


nals, which differ in phase by 180° at the | | 


termination, are therefore in phase with 
each other at a point a quarter-wave- 
length from the termination. The voltages 
of the two signals then add, whereas the 
currents cancel each other (the forward 
currents of the direct and reflected sig- 
nals flow in opposite directions). Since 
the current is zero, the impedance at a 
point a quarter-wavelength from the 
termination is infinite. 


(2) The same condition obtains at all points 
an integral number of half-wavelengths - 


from this point (points an odd number of 
quarter-wavelengths from the termina- 
tion), since moving a half-wavelength 
along the line changes the phase of each 
sional by 180° and, therefore, leaves 
them in phase with each other. In prac- 
tice, of course, the impedance is very 
high but not infinite. The behavior of 
this circuit, then, is described by the 





117, which is a section of transmission 
line terminated at each end by a short 
circuit, with input terminals connected 
at a suitable point. This will have an 
infinite input impedance if X is an odd 


number of quarter-wavelengths and Y is 


also an odd number of quarter-wave- 
lengths. The total length of the section 
of transmission line, for an infinite input 
impedance at a suitable point, is, then, 
(X+Y), which is an even number of 
quarter-wavelengths (since the sum of 
two odd numbers is an even number) or 
some multiple of a half-wavelength. 
Consequently, there will be a point (or a 
number of points) an odd number of 
quarter-wavelengths from each end of 
the section at which the impedance is 
infinite; this is true whenever the fre- _ 
quency is such that the total length of the 
section is an exact multiple of a half- 


“wavelength. The characteristic wave- 


lengths for which the input impedance is 
infinite are given by the relation | 


where &£ is a positive integer (1, 2, 3, and 
so on), and where the wavelength is, as 
noted, the wavelength on the transmis- 
sion line. The dominant mode of reso- 
nance is the one having the greatest 
wavelength. The characteristic wave- 
length for the dominant mode 1s, there- 
fore | 


=2(X+Y)/1=2(X+Y) 


The wavelength for the k mode, is, of 
course dx, and this is 1/k times \,. It 


follows, therefore, that f,, the character- 


istic frequency of this mode, is approxi- 
mately k times jf,. The characteristic 
frequencies are, then, very nearly exact 
multiples of characteristic frequency f; of 


the dominant mode. The harmonic re- 


lation (exact multiples) is precise if the 
ratio between wavelength on the trans- 


- mission line and wavelength in air is the 
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same at all frequencies. The behavior 

of the circuit shown in B of figure 117, 
~ is described by the statement that its 

input impedance is infinite at every 

characteristic frequency. Each charac- 

teristic frequency, fx, 1s associated with 
a characteristic wavelength, \;, which is 
- given by the relation 


where Z is the length of the transmission 
line section. 
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Figure 117. Resonant transmission line sections. 


c. Resonant Cavity. It is impossible to write a 
simple expression for the characteristic frequen- 
cies of a general cavity resonator. If, however, 
the resonator consists of a section of waveguide 
terminated at each end by a conducting wall, it 


is precisely equivalent to the section of trans-— 


mission line described in b above. Here, the char- 
acteristic guide wavelengths for which the input 
impedance of the resonator (at a suitable point) 
is infinite are given by the relation 


which may be translated as follows: the wave- 
length in the guide, 
length of the waveguide, 2Z, divided by k, which 
is any positive integer. Trouble arises as soon as 
and attempt is made to compute the wavelength 
in air and the corresponding frequency which are 
associated with a given ),,. In order to deter- 
Mine dz from A,,, it is necessary to know the 
dimensions of the waveguide (its height and width 
if it is rectangular, its diameter if it is circular) in 
addition to the length of the section. It is also 
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Agr, 18 equal to twice the. 


necessary to know the mode in which the wave- 
guide is operating. Finally, the relation between 
\, and >, may be the same for more than one 
mode and, therefore, there may be two distinct 
field patterns for a given characteristic frequency. 
The whole problem is discussed in detail for a 
rectangular resonator in paragraph 81. For the 
moment, it is necessary only to point out that 
there is neither a single characteristic frequency, 
as in the L-C cizcuit, nor a simple series of char- — 
acteristic frequencies, as in the transmission line ~ 
section. It is stated frequently that a cylindrical 
resonator may be thought of as an infinite number 
of quarter-wave shorted stubs, as shown in figure 
118. This implies that the characteristic frequen- 
cies are related to each other in the same way as 
those of the transmission line section described 
above. This explanation of resonator behavior 
completely neglects the existence of various modes 
in waveguides and is so oversimplified that it is 
practically of no value. The only constructive 


way of thinking about a cavity resonator is to 


consider it as a section of waveguide. 
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Figure 118. Characteristics of cylindrical resonator. 


81. Rectangular Resonators 


Since the mathematics of rectangular cavity res- 
onators is based on the mathematics of rectangular 
waveguide, it is not difficult to understand. It 
is possible to discuss rectangular resonators in 


considerable detail, using simple mathematics, 


whereas this is not true of other resonators. It 
must be kept in mind that the cavity consists of 


a section of rectangular waveguide terminated at 


each end by a conducting wall, which is assumed 

to be a perfect conductor. The problems of feed- 

ing energy to the waveguide section—the reso- 

nator—and taking’ energy out are discussed in 

paragraph 85. 

a. Basic Theory. 
(1) Consider a rectangular ae resonator 
having a smallest dimension (height), a 
an intermediate dimension (width), b, 
and a longest dimension (length), c¢ 
The use of ¢ for the length of a cavity 
resonator should not be confused with 
its use for the velocity of a light wave or 
a radio signal. For the moment, con- 
sider this resonator as a waveguide sec- 
tion of length c, where the waveguide of 
which it is composed has a height a and 
a width 6. Suppose, now, that the 
resonator is excited at a frequency for 
which 
Ag=2¢/p 


where p is a positive integer. Because 
of the boundary conditions at a con- 
ducting surface, which require that the 
electric field parallel to the surface and 
the magnetic field perpendicular to the 
surface vanish at the surface, the signal 
in the waveguide will be reflected from 


the end of the cavity with a reversal of. 


phase. The direct and incident field 
patterns, then, will be 180° out of phase 


and will, of course, be traveling in 


opposite dinestions: | 

(2) At the end of. the cavity, the transverse 
electric fields of the direct and reflected 
field patterns in the waveguide will 
cancel each other, as will the longitudinal 
magnetic fields. The longitudinal elec- 
‘tric fields and the transverse magnetic 
fields, however, will add, like the cur- 
rents in the transmission line described 
in paragraph 80 because the forward 
direction for the direct signal is opposite 
from the forward direction for the re- 
flected signal. At a quarter-wavelength 
from the end of the cavity, the direct and 
reflected field patterns are in phase. At 
this point, the transverse electric fields 
and the longitudinal magnetic fields add, 
and the longitudinal electric fields and 
the transverse magnetic fields cancel. 
At a quarter-wavelength farther from 





the end of the cavity, the earlier situation 
(the phase relation that is present at the 
end wall) is repeated. The result is a 
field pattern, formed by the direct and 
reflected signals, which is repeated every 
half-wavelength along the cavity. All 
of the distances above are measured, of 
course, in terms of the guide wavelength. 
If, now, the waveguide is operating in 
either the TH,,, or the TMn,, mode, 
and the length of the cavity is p times 
d,/2, the resulting field pattern in the 
cavity will be repeated m times along 
the a dimension, n times along the 6 
dimension, and p times along the c 
dimension. 

b. Various Modes of Operation. In this discus- 
sion, it has been assumed that the rectangular 
cavity was operated by making waveguide signals 
travel from one end of the cavity to the other. 
It 1s, of course, possible to send signals across the 
cavity, or between the top and the bottom. The 
length of the waveguide section and the dimen- 
sions of the waveguide are tabulated below for a 
cavity of height a, width 6, and es C. 

Width of 


Length of Height of 


Direction of waveguide signals waveguide waveguide | waveguide 
End to end___________-___- 6 ) a b 
Side to side_________---__-_ b a SG ad 
Top to bottom______.__-__- a b Cc. 


c. Operation With TE and TM Signals. Sup- 
pose that a rectangular cavity, of height a, width 
b, and length c, is excited by sending TE,» 
signals along the cavity, from end to end, at a — 
wavelength for which X, is equal to 2c/p. At this 


- point, consider what happens if the TE,,,, signals 


are replaced by TM,,,, signals having the same 
guide wavelength, so that \, remains equal to 
2c/p. It is assumed that m and n are the same 
for the TE and the TM signals. TE;; signals, 
for example, are replaced by J'M;,; signals. 
As explained in chapter 3, a waveguide pattern 
having a guide wavelength 


\z=A,/cos A cos B 


can be built up from four sets of vertically polar- 
ized waves the paths of which make angles A 
with the top and bottom of the waveguide and 
angles B with the side walls of the guide; also, a 
similar pattern can be built up from horizontally 
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| wavelength of a waveguide, 


polarized waves having the same d,. If the same 
values of m and n are used (par. 55) both patterns 
will have the same guide wavelength. Although 
the angles A and B are different for the two pat- 
terns, the product cos A cos B is the same for 
both. Thus, if m,n, and, are the same for both 
patterns, \, also will be the same. It has been 
- pointed out that these patterns can be combined 
with one phase relation to obtain the pattern of 
a TE'n,, mode and with another phase relation to 
obtain the pattern of a TM,,,, mode. It follows, 
therefore, that a TH,,,, mode and a TM,, mode 
~ have the same guide wavelength if m, n, and 2, 
are the same for both modes. Alternatively, if 


m,n, and dA, are the same for both modes, they will | 


have the same d,. It is clear, then, that ), is un- 
changed when the TH,,,,, signals, having \, equal 
to 2c/p, are replaced by 7'M,,, signals having the 
same m,n, and dz. It is shown in appendix III that 
\a for either case is given by the relation, 


ha=1/y/(an/2a)?-+ (0/26)? + (p/2e}* 


d. Characteristic Wavelengths. The character- 
istic wavelength (the value of \,) was calculated 


above for a cavity of height a, width 6, and — 


length ¢ excited by TE,.. or TMi.» signals 
traveling along the cavity, from end to end, and 
having a wavelength for which , is equal to 2c/p. 
This mode of exciting the cavity produces a field 
pattern that is repeated m times along the a dimen- 
sion, n times along the b dimension, and 7p times 
along the c dimension. An examination of the 
expression for \, shows that it involves a, 6, c, m, 
n, and p, but makes no mention of the direction 
in which the waveguide signal travels. 
therefore, that \, will have the same value (in a 
given cavity) for every mode of operation in 
which the field pattern is repeated m, n, and p 
times along the a, b, and c dimensions, respectively. 
The characteristic wavelengths are, then, those 
for which 


a= Nm, n, p= L/y(m/2a)+(n/26)?+(p/2e? 


where there may be more than one mode of 
operation of the cavity at a given characteristic 
wavelength. The longest characteristic wave- 
length is, to some extent, equivalent to the cut-off 
since the cavity 
cannot resonate at longer wavelengths. The 
parallel is not exact, however, because the wave- 
- guide operates at any i aueie above cut-off, 
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It follows, | 


whereas the cavity resonates only at its character-., 
istic frequencies. _ 
€. Terminology of Modes. 

(1) Modes in a rectangular cavity resonator 
are described as JH modes if they are 
excited by TE waveguide signals and as 
TM modes if they are excited by TM 
waveguide signals. Each mode is de- 


scribed further by three subscripts which — 


show how many times the field pattern 
is repeated along the height, width, and 
length of the cavity. There are, there- 
fore, TE nn,» modes and 7M» n,» modes. 
If the electric field is perpendicular to, 
for example, the top and bottom of the 
cavity, it is possible to have a pattern 
that is uniform along one dimension 
(in this case, the height) so that one 
subscript may be zero. Here, m is zero. 
A field that is perpendicular to two 
walls is, however, parallel to the other 
four. A pattern that is uniform one 


dimension, therefore, must vary along — 


both of the other dimensions in order 
that. the electric field may satisfy the 
boundary conditions by vanishing at the 
surface of each of the four walls to which 
it is parallel. It is impossible, on this 
account, to have a mode in which the 
field pattern is uniform along more than 
one direction, and there are no modes 
for which more than one subscript is zero. 
(2) Field patterns that are uniform along one 
dimension are excited by waveguide sig- 
nals like those of -the TH), modes or the 
TE,» modes in a rectangular waveguide 
and are, accordingly, 7H modes. The 
cavity resonator, therefore, may operate 
in either a TH, »,» mode ora TM, 1» 
mode at a characteristic wavelength, 
Am,.n.o, for which all of the subscripts are 
nonzero, and it may operate only in a 
TE nn.» mode at a characteristic wave- 
length, Anno, for which one of the sub- 
scripts is zero. There are no character- 


istic wavelengths for which more than 


one subscript is zero. 
f. Field Patterns of Modes. 

(1) The-dominant characteristic wavelength— 
the longest one—is 1). 
sponding mode is the TF) 1, mode, which 
has the field pattern shown in A of figure 
119. This mode may be excited by a 


The corre- | 








Figure 119. Simple resonator modes. 


TE, . signal traveling along the resonator, 
from end to end, or by a TE), signal 
traveling across the resonator from side 
to side. The field pattern is the same in 
both instances so that there is, in fact, 
only a single 77), mode. Similar pat- 
terns are obtained in the TE, ,, mode, 
at Xo11, where the electric field is per- 
pendicular to the sides of the cavity (in 


the TE, .,,; mode the electric field is per- 


pendicular to the top and bottom of the 
cavity), and in the TE, ;5 mode, at 1,10, 
where the electric field is perpendicular 
to the ends of the cavity. All TH modes 
having one subscript equal to zero have 
field patterns that are repetitions of the 


simple TE, 1, pattern. A single example, 


the pattern of the 7’) 12 mode, is shown 
in B. | | 


(2) The TE,12 mode may be excited by a 


TE, signal traveling along the resonator 
or by a TE 2 signal traveling across the 








resonator. The pattern, however, is the 


same in each case. For any characteris- | 


tic wavelength having one subscript equal 
to zero, there is a single TE mode at | 
which the cavity may operate. There 
are several possible modes, however, for 
a characteristic wavelength having three 
nonzero subscripts. At 143, for ex- 
ample, the cavity may be exicted by a 
TE, , signal traveling along the cavity 
from end toend. This developsa TF; 11 
mode, with the pattern shown in A of 
figure 120. Note that the electric field 
is parallel to the ends of the cavity. A 
second 7H,,, mode may be developed 
by a. TE,, signal traveling across the 
cavity. This will have a similar pattern, 
but the electric field will be parallel to 
the sides of the cavity. Finally, a third 
TF,1, mode may be developed by a 
TE, , signal traveling from the top of the 





Figure 120. Higher resonator modes. 
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cavity to the bottom. Here the sincine 
field will be parallel to the top and bottom 
of.the cavity. There are also, for the 
same characteristic wavelength, three 

~ TM, 11 modes, all excited by TM, sig- 
pals. In one, shown in B, the signals 
travel along the cavity, froin end to end, 
and the magnetic field is parallel to the 
ends of the cavity. In the two other 
modes, the signal travels across the 
cavity, with the magnetic field parallel 


to the sides of the cavity, or it travels 


from top to bottom, with the magnetic 
field parallel to the top and botton of the 

cavity. The various patterns for charac- 
teristic wavelengths with subscripts 
ereater than 1 are repetitions of the 
simple patterns. 
wavelength having three nonzero sub- 

, scripts, there are three 7’ modes and 
three 7M modes in which the ne may 
operate. 


ve 


82. Cylindrical Resonators 


A detailed discussion of cylindrical resonators, 
like a discussion of circular waveguide, involves 
extremely complicated mathematics beyond the 
scope of this manual. Therefore, the subject is 
discussed only briefly. As with a rectangular 
resonator, the characteristic wavelengths of a 
cylindrical resonator are distinguished from each 
other by three subscripts, m, n, and p. There is, 
unfortunately, no simple expression that relates 
Am,n,y to the dimensions of the resonator. The 
subscripts, m and 7, like those used to describe 
a mode in circular waveguide, refer to the number 
of times that the field pattern is repeated around 
the circumference of the cylinder, m, and the 
number of times that the pattern is repeated from 
the axis of the cylinder to its circumference, n. 
The third subscript, p, refers, as in the rectangular 
resonator,-to the number of times that the field 
pattern is repeated along the length of the reso- 
nator, along the axis of the cylinder. The simplest 
mode in a cylindrical resonator 1s the. TE, 11 modes, 
shown in A of figure 121, which corresponds to the 
TE, 1.1 mode in a rectangular resonator. Another 
simple mode is the 741 mode, in B, which 
corresponds to the TE, a mode in a eeetaniealn: 
resonator, and is seen. “frequently in resonators 
that have a modified cylindrical form. Among 
such resonators are the..cavity..of an X-band 
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Figure 1 a1. Field patterns in cylindrical resonators. 


klystron, mentioned in the following paragraph 
and described in detail in chapter 5, and the 


cavities used for TR and ATR switches: (par. 88) 
Another important mode is the TE) 11 mode shown — 
in C. A cavity resonator operated in this mode 
has extremely. low losses. . Its input . impedance 
at, resonance is, therefore, extremely high and 


the variation in impedance with change in fre- 
quency is very sharp. Microwave wavemeters are 
often cylindrical cavities operating in this mode. 


83. Other Resonators 


Cavity resonators are seldom simply rectangular 


or cylindrical. The rectangular resonator has 
been discussed in detail to illustrate the basic 
theory behind all cavity resonators, and the 
cylindrical resonator has been described briefly 
because most actual resonant cavities operate in 
modes similar to the 7M)1,. and TH,., modes 
of a cylindrical resonator. Three representative 
re-entrant cavities are illustrated in figure 122. 
The term re-entrant indicates that a portion of 





-RE-ENTRANT WAVEMETER CAVITY C 
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Figure 1 22. Cavity resonators of vartous shapes. 


the wail protrudes into (or enters) the space within 
the cavity. A shows the resonant cavity of an 
X-band reflex klystron, B shows a TR, cavity, 


and C represents a re-entrant wavemeter cavity. 


All three operate in modes similar to the TMo,1.0 
mode of a cylindrical resonator. In each, the 
direction of the electric field is indicated. 


84. Cavity Resonator Tuning 


One method of tuning a cavity resonator is to 
change its dimensions by moving one of its walls 
in much the same way that the termination of a 
tuning stub is moved (par. 58c). This actually 
is done in some wavemeter cavities. Another 
method is to distort the cavity by pressure at 
appropriate points. A third method is to distort 
the electric or the magnetic field, thus changing 
the effective dimensions of the cavity. The 
wavemeter cavity shown in C of figure 122, is 
tuned in this manner: Changing the position of © 
the pin alters the electric field. The magnetic 
field in a cavity usually is changed by inserting 
plugs which extend a short distance from the wall. 
For large changes in the magnetic field, tuning _ 
paddles frequently are used, instead of plugs. A 
tuning plug and a tuning paddle are shown in 
the wall of a cavity in A of figure 123. B shows 
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_., Figure 123. Tuning plug and paddle. 
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the consequent distortion of the magnetic field. 
The operation of the plug is obvious. The 
- operation: of the paddle also is simple: So long 
as the plane of the paddle is parallel to the direction 
of the magnetic field, it has no effect; when the 

plane of the paddle is perpendicular is the direc- 
tion of the field, the distortion is greatest. 


85. Coupling to Cavity Resonators 


Energy may be fed into or taken from a cavity | 


resonator in three ways—by using a probe, a loop, 
or a slit. 

a. Probe Coupling. Probe coupling seldom is 
used with resonant cavities. If the probe extends 
deeply into the cavity, like the probe used to 
feed a waveguide, it is likely to load the cavity so 
heavily that the resonance peak is neither very 
high nor very sharp. If, on the other hand, the 
probe.extends only a small distance into the cavity, 
there is usually some difficulty in exciting the 
‘proper mode. 
the configuration of the electric field in a rec- 
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Figure 124. Effect of probe coupling on electric field. 
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For example, A of figure 124, shows: 


tangular cavity resonating in the 71, mode, 
and B shows the configuration of the electric field 
set up by a probe. Because of this, the use of a 
probe usually is limited to applications where 


tight coupling is desired, such as to and from a> 
or from a directional coupler; or 


waveguide, 
where the signal is set up by some other method 
and only a small amount of energy is to be taken 
out, such as from slotted sections of waveguide 
or coaxial line. 

b. Loop Coupling. Loop sean is more com- 
mon than any other method. Figure 125 shows 
a coupling loop used to excite the Z’Mo,1,,; mode in 
a rectangular resonator. The basic advantage of 
loop coupling lies in the fact that the coupling 
loop does not deform the electric field pattern to 
the same extent that a probe does. The degree 
of coupling is controlled by the size of the loop 
and sometimes, but less frequently, by the place- 
ment and orientation of the loop. If the loop is 
turned so that it lies in a plane parallel to the 


magnetic field of a given mode, it is not coupled at 


all to that mode, although there may be undesired 
coupling to other modes. Its operation in this 
respect is similar to that of the tuning paddle. 
One of the major uses of loop coupling is to take 
energy from the resonant cavity of a magnetron 
or a klystron, and it is used also to couple to and 


' from the resonant cavities of some wavemeters 
Pe 86). 


eve fs 





TM 673-412 
Figure 125. Loop coupling to cavity resonator. 


c. Slit Coupling. Slit coupling, which may 
involve small holes instead of slits, is used mostly in 
TR and ATR switches. Energy leaks into or 
out of the resonant cavity by means of the slits or 
holes in the same manner that it leaks from the 
main waveguide through two small holes into the 
auxiliary cavity (which is not resonant) of the 





ae 


directional coupler discussed in paragraph 61. 
The principal merits of slit coupling lie in its me- 
chanical simplicity and, in the case of TR and ATR 


- switches, in the relatively smooth transition be- 


between the waveguide and the cavity when th 
coupling is tight. | | 


Section Il. APPLICATIONS OF CAVITY RESONATORS 


86. Wavemeters 


Most microwave wavemeters are essentially 
similar. A resonant cavity is coupled loosely to 
the source of signals and a detector is coupled to 
the cavity. The cavity then is adjusted to res- 
onate at the operating frequency, resonance be- 
ing indicated by a maximum reading at the de- 
tector, and the frequency is. read from a scale on 
the tuning adjustment. Figure 126 shows the 
equivalent circuit of such a wavemeter, and figure 
127 shows a cutaway view of the tunable cavity 

with its input and output coupling loops. 
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Figure 126. Equivalent circuit of wavemeter. 


a. Sharpness of Resonance Peak. The imped- 
ance of a resonant circuit, whether it is a cavity 
resonator, a section of transmission line, or an 
L-C circuit, reaches a maximum at its resonant 
frequency (or at each of its characteristic fre- 
quencies) and falls off at frequencies above and 
below this. As the losses in the system are in- 


creased, the peak becomes lower and less sharp. 


It is customary to describe the sharpness of the 
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| Figure 127. Wavemeter tunable cavity. 


resonance peak by means of a quantity, Q, which is 
defined as follows. Let Z, be the impedance at 


the resonant frequency (or the characteristic 
frequency), f. At some frequency above f, the . 
impedance will have a magnitude equal to Z, - 


V1/2 or .707Z,. Let this frequency be f;. At 
some other frequency, below f;, the umpedance | 
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will have the same magnitude. Let this frequency 
be fz.. Then, by definition, 


Q=f:/Fi—Fa) 


The Q of a cavity resonator is commonly several 
thousand. | | 

6. Equivalent Cirewit. In figure 126, the tuned 
circuit is coupled loosely to the transmission line 
in order to avoid disturbing the system the fre- 
quency of which is being measured. In addition, 
the detector is coupled very loosely to the resonant 
circuit in order to avoid lowering the Q. The 
detector shown consists of a conventional rectifier 
and filter circuit which feeds a meter, but, at 
microwave frequencies, the diode rectifier is re- 
placed by a crystal rectifier and the filter ca- 
pacitor is part of the capacitance of the crystal 
holder. In some cases, an amplifier may be in- 
serted between the rectifier output and the meter. 
The resonant circuit is adjusted so that the 
rectifier output is maximized. When several 
frequencies are present, the meter will show a 
maximum as the resonant circuit is tuned through 
each one. | | 
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c. Tunable Cavity. The tunable cavity shown 
in figure 127 consists of a cylindrical cavity of 
adjustable length operating in the 7'Fy;,; mode. 
The upper stop is moved by a conventional 
micrometer head until resonance is reached. 
The position of the plunger is read on. a scale 
at the micrometer head and the frequency is 
determined from a calibration curve. A cavity 
of this sort is a precision instrument and must be 
treated with great care. 

d. Other Forms of Cavities Used in Wavemeter. 
At the lower microwave frequencies, a simple 
cylindrical cavity becomes unduly large and 
various modified forms are used. Two of these 
types are shown in figure 128. Various forms of 
coupling are used, loop coupling being the most 
common. — 

e. Absorption Wavemeter. Another method of. 
‘using a resonant cavity to determine frequency is 
shown in figure 129. Here a resonant cavity is 
coupled tightly to a waveguide so that it absorbs a 
substantial amount of energy when it is tuned to 
resonance. As the cavity is tuned to the operating 
frequency, the signal in the waveguide will drop. 
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Figure 129. Resonant cavity used in absorption wavemeter. 


87. Echo Boxes 


An echo box is a piece of test equipment used to 
check the overall performance of a radar system. 
It consists of a tunable resonant cavity connected 
through a transmission system to a small antenna. 
The cavity is usually cylindrical, of adjustable 
length for tuning, and is operated in the TE 5141 
mode in order to obtain the highest possible Q. 

a General Construction. An S-band echo box 


(fig. 130) uses a small dipole antenna. This is 
connected through flexible coaxial cable to the 
resonant cavity where a small loop is used for 
coupling between the cable and the cavity. An 
X-band echo box generally uses a small dipole 
antenna at the center of a parabolic reflector. 
The cavity is mounted on the back of the reflector, 
and a short length of rigid coaxial line carries 
energy between the dipole and the coupling loop 
in the cavity. In most cases, the resonant cavity 
is the tuning knob in a micrometer head, and the 
echo box is provided with a calibration chart so 
that it can be used as a wavemeter. Occasion- 
ally, a second coupling device is added to the 
cavity. This coupling device generally is a probe 
which is part of a crystal-holder assembly similar 
to those discussed in chapter 3. The crystal 


rectifier output is fed to a meter so that the signal 


level in the cavity resonator can be measured. 





Figure 130. Echo bor. 


b. Behavior. If a cavity resonator is excited by 
an external signal, the level of the signal in the 
cavity will rise as shown in A of figure 131. 
Similarly, if the excitation is stopped suddenly, 
the signal level in the cavity will decay as in B. 
It is assumed that the exciting signal is at the 
resonant frequency of the cavity. The decay 
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Figure 131. Rise and decay of signal in resonator. 


time is related to the Q of the resonator, and the 
signal level will fall to .01 of its original value in 
1.5Q cycles. Similarly, the rise time is related 
to QY. The signal level rises to .99 of its ultimate 
value (or reaches a point 1 percent short of its 
ultimate value) in 1.5Q cycles. The rise and 


decay times also can be expressed in terms of the 


tume constant of the cavity, which is the time dur- 
ing which the signal level decays to about one- 
third (actually .368) of its original value, or during 
which it rises to about two-thirds (actually .632) 
of its ultimate value. In practice, the time 
constant of the cavity is so long that the signal 
level cannot rise to its ultimate value during the 
transmitter pulse. A graph of signal level against 
time is shown in figure 132. 
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Figure 182. Signal level in echo box. 
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C. Appearance of Echo Box Signal. 
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(1) Figure 133 shows the appearance of the 


echo box signal on an A-scope, which 
displays receiver output versus range or 
time. During the transmitter pulse, 
the receiver is saturated and the output 
signal reaches its maximum level. Fol- 
lowing the transmitter pulse, the receiver 
output results only from the signal picked 


up from the echo box (assuming that. 


there are no short-range echoes). The 
output drops at first because the receiver 
sensitivity has been somewhat reduced as 
a result of saturation by the transmitter 
pulse, and also because the TR and 
ATR switches take some time to recover. 
The receiver, however, quickly recovers 
its normal sensitivity and the signal 
from the echo box is then sufficient to 


oe drive it to full output. 
(2) After a short interval during which the 
receiver is saturated, the echo box signal 


drops off so far that the receiver output 
also drops. From this point, the signal 
from the echo box and the output from 
the receiver both decay until the receiver 
output is lost in the grass, or electrical 


noise, on the A-scope. The ringing 
_ time is, of course, the time interval be-_ 


tween the end of the transmitter pulse 
and the point where the echo box signal 


4s lost in the grass. 
(3), It is customary to express the ringing 
time in whatever range units (yards or 


miles) are shown on the A-scope. The 
ringing time may be increased in three 
ways— | 


(a) Raising the transmitter output causes 


the echo box resonator to be excited at 
a higher level; it then takes longer for 
the echo box signal to decay to a 
point where the receiver oucrut is lost 
in the grass. 


(6) Increasing the duration of dis trans- 


mitter pulse has the same effect, since 
the signal level in the resonator will 
rise further toward its ultimate value 
if the period of excitation is short com- 
pared to the time constant of the 
resonator. As before, a higher initial 
signal level will increase the time re- 


quired for the signal to decay to the | 
point where the receiver output is lost. 
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Figure 133. Echo box signal waveform on A-scope. - 


(c) An increase in receiver sensitivity will 


allow the receiver to see smaller signals, 
and, consequently, the period of decay 
will be longer to the lower critical 
level where the receiver output is lost. 


(4) In this connection, it is necessary to 


distinguish between receiver sensitivity 
and receiver gain. Increasing the sen- 
sitivity raises the ratio of signal output 
to noise output for a given level of the 
input signal. Increasing the gain, how- 
ever, raises both the signal output and 
the noise output without affecting their 
ratio. This will affect the appearance 
of the picture on the A-scope, but will — 
not alter the ringing time. The ap- 
pearances of the echo box signals on a 
B-seope, which displays range versus — 
azimuth, and on a PPI scope (plan- 
position-indicator oscilloscope), which 


displays range versus direction, are 


shown in A and B, respectively, of 
figure 134. In each case, the receiver 
output controls the brightness of the 
spot on the scope. The ringing time 
always is taken from the greatest peak, 


- which is obtained. when the antenna is 


pointing at the echo box. When the 
antenna is pointed in any other direction, 
the ringing time decreases because the 
transmitter delivers a weaker signal to 
the echo box and also because the re- 
celver output is reduced for a given 
signal from the echo box. The small 
peaks in the ringing time pattern result 
from side lobes in the antenna pattern. 
Although most of the energy is radiated 
in the main beam, a portion is radiated 
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Figure 184. Echo box signals waveform on B-scope and PPI, 


in directions near the beam. The be- 
havior of the antenna for receiving is 
much the same. ‘The strongest response 


- from the receiver is obtained when the 


signal source lies in the main beam of the 
antenna, but signals can be picked up 
weakly from directions close to the beam. 


This is discussed more fully in chapter | 


7, which deals with microwave antennas. 


— d. Interpretation of Echo Box Test Results. 
(1) In order to interpret the results of an 


echo box test, it is desirable to recall the 
expression developed for a given radar 
installation. Operating against a given 
target, the maximum range, unless limited 
by the horizon, is proportional to the 





fourth root of P/,’, where P is the 
power output of the transmitter, and p’ 

is the power input required by the re- 
ceiver to develop a usable receiver out- 
put—an output signal that can be 
observed in spite of the electrical noise. 
This shows that an increase in the 
transmitter output or an increase in the 
receiver sensitivity, which is a decrease 
in p’, will increase the maximum range 
against a given target and also will 


increase the ringing time with a given 


echo box. Therefore, any adjustment of 
the radar system which increases the 
ringing time, except an increase in the 


— duration of the transmitter pulse, also will — 


improve the system performance. The. 
extent of the improvement can be. 
calculated, either from the time constant — 
of the resonator or from its Q, but the . 
process is rather complicated and the 
calculation is not particularly useful. 
However, it is possible to estimate the 
improvement in performance when the 
echo box signal is displayed on an — 
A-scope. First, note the range at which 
the ‘echo box anal is just as strong as 
the noise signal on the scope. Then, 
after making an adjustment which in- 
creases the ringing time, note the new 
level of the echo box signal at the range 
where it was previously eae to the 
noise signal. 


(2) The percentage increase in range against 


targets of a given type will be about half 
of the percentage increase in the ratio of 
echo box signal to noise signal. The ini- 
tial ratio between the two signals may 
be considered 1, since the point of obser- 


vation is chosen as the point where the 


signals are equal. If, after improve- 
ment, the echo box signal is 10 percent 
ereater than the noise signal, the range 
on targets of a given type will be im- 
proved by about 5 percent. Although 


the echo box is one of the most valuable 


pieces of test equipment for tuning up a 
radar installation, it is dangerous to place 
much faith in comparisons between dif- 
ferent ringing time tests unless the echo 
box always is placed in exactly the same 


position with the same orientation. 


Even then, any change in the tempera- 
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ture of the cavity resonator will alter its 
Q and, therefore, will change the ringing 
time, as will any change in the duration 
of the transmitted pulse. The system 
should be considered satisfactory if the 


ringing time is within about 20 percent | 


of its usual value, and the echo box then 
‘should be used as an aid for the precise 
: - adjustment of the various tuning devices. 
e. Procedure for Ringing Time Test. In view of 
the various different types of echo boxes, the pro- 
cedure is more complicated to describe than to 
carry out. In fact, the ringing time test is par- 
ticularly useful just because it is so easy. In any 
case, the transmitter 1s adjusted first. This prob- 
lem is discussed in detail in chapter 5, and the 
reason for mentioning it here is to point out that 
the proper adjustment of the transmitter insures 
adequate output from the magnetron at the proper 
pulse duration. If the echo box is equipped with 
a detector, the next step is to tune it to the trans- 
mitter (by adjusting for maximum output from 
the detector). 
quency should be checked and the transmitter 
_ should be readjusted, if necessary, so that it oper- 
ates on the proper frequency. (Unless the trans- 
mitter uses a tunable magnetron, its frequency 
cannot be altered and the frequency check is 
merely one step in the check for proper overall 
operation.) The receiver then is tuned to the echo 
box signal, with the automatic frequency control 
system turned off, and the various tuning devices 
in the transmission system are adjusted to obtain 
the longest ringing time. If the echo box is not 
equipped with a detector, the transmitter is ad- 
justed first and then, by observing a local echo, 
the receiver is tuned to the transmitter, with the 
automatic frequency control system turned off. 
_ The echo box then is tuned to the traismitter by 
observing the ringing time and tuning the echo box 
for the longest ringing time. Thereafter, the tun- 
ing devices in the transmission system are adjusted 
to increase the ringing time. 


88. TR and ATR Switches 


In many early radar installations, the transmit- 
ter was connected to one antenna and the receiver 
was connected to another. Most modern radars, 
however, use the same antenna for transmission 
and reception. This eliminates the problem of 
pointing two antennas in the same direction and 
also effects a reduction in the size and weight of 
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At this point, the transmitter fre- 


the antenna system. This improvement intro- 
duces two problems: First, it is necessary to pro- 
tect the receiver from being damaged by the high- 
power transmitted signal; second, it 1s necessary 
to insure that none of the incoming signal goes to 
the transmitter, since diversion of any incoming 
energy from the receiver will lower the effective 
receiver sensitivity. The devices used to solve 
these problems are called TR and ATR switches. 
Essentially, they are nothing more than spark 
gaps, but at microwave frequencies they normally 
involve resonant cavities. | 


a. TR Switch Theory. The TR switch protects 


the receiver from damage by the high-power out- 


put of the transmitter (fig. 135), and insures that 
the bulk of the transmitter output goes to the 
antenna. 
the transmitter output would go directly to the 


_ receiver instead of being radiated from the antenna. 


When the transmitter is on, the signal level in the 
line is sufficiently high to cause the TR switch to 


are and short-circuit the line to the receiver. The | 


line to the receiver, when viewed from X, then 
appears as a quarter-wave shorted stub and has 
an infinite impedance. All of the transmitter out- 
put reaches the antenna except for the small 
amount necessary to maintain the arc across the 
TR switch. In addition, only a small amount of 
energy reaches the receiver, which thus is protected 
from damage. As soon as the transmitter is turned 
off, the arc goes out and the receiver is connected 
automatically to the antenna. With very high- 
powered transmitters, two spark gaps sometimes 
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Without the TR switch, a portion of | 
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Figure 186. Pre-TR switch TR switch circurt 


are pated to afford added protection to the receiver. 
The spark gap nearer the transmission line is 
called a pre-TR switch and the one nearer the re- 
ceiver is referred to as the TR switch (fig. 136). 


6. ATR Suntch Theory. 
(1) The TR switch protects the receiver from 


damage and also prevents diversion of © 


any significant portion of the transmitter 

output from the antenna. It is not, 
however, effective during reception and 
cannot prevent the incoming signals from 
being partly wasted at the transmitter. 
One method of preventing this waste of 
incoming energy, shown in figure 137, is 
to use a line-stretcher between junction 
A and the transmitter. The length of 
the line between X and the transmitter 
is adjusted, by use of the line-stretcher, 
so that the impedance at X looking to- 
ward the transmitter, with the trans- 
mitter turned off, is infinite. All of the 
incoming energy then goes to the receiver. 
Sometimes the line between .X and the 
transmitter is preplumbed and the line- 
stretcher is omitted. 


(2) A more common method of insuring that 


all the incoming energy reaches the re- 


ceiver is by use of an ATR switch as — 


shown in figure 138. When the trans- 
mitter is on, both the TR switch and the 
ATR switch arc. The impedance looking 
from X toward the TR switch is then 
infinite, since this branch of the line looks 


| TRANSMITTER 


like a quarter-wave shorted stub. For 

the same reason, the impedance at Y 
looking toward the ATR switch is also 
infinite. All of the transmitter output, | 
except that necessary to maintain the 
arcs, reaches the antenna, and the re- — 
ceiver is protected. When the trans-- 
mitter is turned off, the arcs go out and 
the receiver is connected to the trans- 
mission line, as explained above. In 
addition, the impedance at point Y 
looking toward the ATR switch is now 
zero, since this branch: is now a. half- 
wave shorted stub. The line then is 
short-circuited effectively at Y and the 
impedance at X looking toward the trans- 
mitter is that of a shorted quarter-wave 
stub, which is infinite, and all of the in- 
coming energy goes to the receiver. The 
effect of the combined switch system Is 
as follows: The receiver is ‘protected 
from damage— 

(a) When the transmitter is on, the re- 
ceiver is removed from the transmis- 
sion line and all of the transmitter 
output goes to the antenna. | 

(6) When the transmitter is off, the re- 
ceiver is connected to the transmission 
line and the transmitter is removed 
from the line so that all of the i incoming 
energy goes to the receiver. 
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Figure 187. Line-stretcher in TR switch circuit. 
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Figure 188. ATR switch circuit. 


 ¢. Construction. The TR and ATR switches 
are essentially similar in construction. Each 


consists of a resonant cavity with a pair of elec- 
trodes across which an arc is struck when the 
transmitter is turned on. Coupling to and from 


the cavity is by means of loops when the switch is 
used with coaxial line, and by means of windows 
(which are large slits) when the switch is used with 
waveguide. The cavity normally is equipped with 
both tuning paddles and tuning plugs, the paddles 
being used for coarse tuning, and the plugs for 
fine tuning. In order that the arc may be easily 
formed, the electrodes are contained in a glass 
bulb filled with gas under low pressure. The 
complete assembly (bulb with electrodes) is called 
a TR tube. One of the electrodes frequently is 
mounted on a flexible diaphragm which forms part 
of the wall of the bulb, and the spark gap spacing 
then can be adjusted by deforming the diaphragm. 
It is customary to provide a third electrode, called 
‘a keep-alive electrode. A voltage, called the 
-keep-alive voltage, is applied to this electrode and 


a steady arc is maintained between one side of the 


spark gap and the keep-alive electrode. This sub- 
sidiary arc permits the main arc to form more 
quickly when the transmitter is turned on. A, of 
figure 139, shows an S-band TR tube, and B shows 


an X-band TR tube. It is necessary to provide a 


| -current-limiting resistor in the keep-alive line, 


and this must be placed close to the TR tube to | 
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Figure 139. 





TR tubes. 


and consequent damage to the receiver when the 
TR. switch fails to arc. Figure 140 shows a 
diagrammatic representation of the complete 
TR-ATR switching system, and figure 141 shows 
an X-band TR-ATR assembly. — | 

_d. Application to Radar System. The applica- 
tion of TR and ATR switches in a radar system is 
shown in figure 142. There is considerable varia- 
tion in systems of this sort. For instance, one or 
more of the tuners may be omitted if the system is 
preplumbed, or additional tuners may be added 
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Figure 140. TR-ATR switch system. 
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Figure 141. X-band TR-ATR switch assembly. — 


if the transmission line is long and if it has many 


bends or joints. Directional couplers also may 
be added at strategic points to aid in the tuning. | 
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89. Summary 


a. Resonant cavities, or cavity resonators, are 
used at microwave frequencies in place of the 
[-C circuits, and transmission line stubs are used 
at lower frequencies. A cavity resonator is a 
hollow chamber with conducting walls. 

b. Although a cavity resonator may be of any 
’ shape, it always can be considered as a distorted 
version of a simple resonator consisting of a length 
of waveguide terminated by conducting walls. 
With a rectangular resonator, there are infinitely 
many modes of operation, since either TE or TM 
sicnals may be propagated from end to end inside 


the cavity, from side to side, or between the top 


and bottom of the cavity. Each of the modes 
has a distinct field pattern, and the cavity may be 
resonated at any of the modes or at several modes 
simultaneously. There are an infinite number of 
resonant frequencies and, in general, several modes 
corresponding to each one. 

c. In the neighborhood of one of its resonant 
frequencies, sometimes called characteristic fre- 
quencies, a resonator behaves like a tuned circuit. 
Its input impedance rises to a maximum at reso- 


nance and, like a tuned network, it is most effective | 


in transferring energy, from its input terminals to 
its output terminals, at resonance. 


d. Cavity resonators are used in microwave © 


- wavemeters, in echo boxes, and in TR and ATR 
switches. They are included also, as part of the 
tube structure, in microwave oscillator tubes. 
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90. Review Questions 


a. What is a cavity resonator? 

b. What device may be used to take energy 
from a cavity resonator ? 

c. What is the impedance of an Z-C circuit at 
the resonant frequency of the circuit? | 

d. In aresonant transmission line section, which 
mode of resonance has greatest wavelength? 

e. Name three methods of tuning a cavity 
resonator. 

f. Does a tuning suaals parallel to the direction 


. of the magnetic field have an effect on the field ? 


g. What is the position of a tuning paddle when 
the magnetic field distortion is greatest ? 

h. Name three ways of coupling to a cavity 
resonator. 

7. When a probe ana is used in a cavity 
resonator, is the amount of energy to be taken 
out large or small? | 

7. Which is the most common method of coue 
pling to a cavity resonator ? 

k. What is the purpose of an echo box? 

/. In general, an adjustment of a radar system 
that increases ringing time (when adjusting with 
an echo. box) improves the system performance. 
What is the exception? 

m. What are the functions of TR sna ATR 


- switches ? 


n. What does the TR switch do when the ~ 


transmitter is on? 
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CHAPTER 5 
MICROWAVE OSCILLATORS 





Section |. OSCILLATORS IN GENERAL 


91. Klystrons and Magnetrons 


The preceding chapters of this manual have 
demonstrated the marked differences between 
microwave circuit techniques and those used at 
lower frequencies. A conventional transmission 
line, for example, often is replaced by a waveguide 


at microwave frequencies, and a cavity resonator 


takes the place of the more familiar coil-capacitor 
combination. In view of these differences, it is 
not surprising that microwave oscillators have 
little in common with the usual vacuum-tube 
oscillators used in lower frequencies. There is, at 
present, no satisfactory method of amplifying 
microwave signals at high-power levels, and micro- 
wave oscillators must, therefore, be connected 
directly to the loads they feed. Two distinct 
types of microwave oscillators have been devel- 
oped for low-power and high-power applications. 
A klystron is used at microwave frequencies where 


a simple oscillator (or an oscillator and a buffer) 


would be used at lower frequencies. The average 
power output of a klystron 1s, in general, some- 
thing less than 1 watt, and klystrons are used in 
sional generators and other test equipment, in 
low-power transmitters, and as local oscillators in 
microwave superheterodyne receivers. A mag- 
netron, on the other hand, is used at microwave 
frequencies where an oscillator and a power am- 
plifier would be used at lower frequencies. The 
usual microwave transmitter with medium- or 


high-power output uses a magnetron oscillator. 


The complete transmitter consists of the mag- 
netron, a microwave transmission system (gen- 
erally using waveguide), an antenna, a power 
supply, and a modulator to provide amplitude, 


frequency, or pulse modulation. The magnetron. 


thus takes the place of a conventional low- 
frequency oscillator, buffer, frequency-multipher, 
voltage amplifier, driver, and power amplifier. 


Both types of microwave oscillators are vacuum 
tubes of a rather special sort called velocity mod- 
ulated tubes. The internal elements of a velocity- 
modulated tube acts on the electron stream by 
changing the average velocity of the electrons; 
those of a conventional vacuum tube control the 
number of electrons in the stream. The theory of 
velocity modulation is discussed in paragraphs © 
101-105, which covers klystron oscillators. 


92. Mechanism of Oscillation 


Since each type of microwave oscillator makes 
use of velocity modulation—a technique ordi- 


narily not used at lower frequencies—a study of 


either klystrons or magnetrons must include two 
distinct subjects. First, how the tubes work, 
how they are constructed, and how the tube ele- 
ments and the electron stream act on each other; — 


second, why the tubes oscillate. Therefore, a 


general understanding of the various mechanisms 
of oscillation is necessary, and a review of oscillator 
theory will make it easier to understand how . 
klystrons and magnetrons generate microwave 
sionals. An explanation of conventional vacuum 
tube oscillators and their limitations will cover 
different types of vacuum tubes required for 
operation at microwave frequencies. The re- 
mainder of this section is, accordingly, devoted to 
a discussion of three basic types of oscillators: 
feedback, relaxation, and ringing oscillators. 
Paragraphs 96-100 describe some of the difficulties 
encountered when conventional oscillators are 
operated at high frequencies. 


93. Feedback Oscillators 


Feedback oscillators, which are quite simple, are 
probably more common than any other type in the 
field of electronics. A feedback oscillator is noth- 
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ing more than an amplifier that supplies its own 
input. A of figure 143 shows a block diagram of 
the basic feedback amplifier loop. A small por- 
tion of the amplifier output is fed back to supply 
the amplifier input, and the remaining portion is 
delivered to an external load as the output of the 
oscillator. B shows a type of feedback oscillator 
often found when an inexperienced technician 
sets up a public address system. Although this is 
a highly undesirable system in practice, it is a 
good illustration of a feedback oscillator. The 
microphone, electronic amplifier, and loudspeaker 
form an acoustic amplifier, which receives an 
input of low-level sound and delivers an output of 
sound at a higher level. Here, the feedback 
sional is in the form of sound. Following the 
terminology used in A, the signal delivered by 
the loudspeaker is labeled useful output, although 
one familiar with the problems of public address 
systems may find it difficult to say what it can 
be used for when the system is oscillating. 
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Figure 143. Basic loop of feedback oscillator. 


a. Loop Gain. The system shown in A of 
figure 144, consists of an amplifier having a gain 
of a and a feedback path having a gain of b (or an 
attenuation of 1/6). Since the operation of an 


ordinary low-power electronic amplifier is de- 


scribed most conveniently in terms of input and 
output voltage levels, it is assumed that @ and 6 
are voltage gains, rather than power gains. With 
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Figure 144. Concept of loop gain. 


a system of this sort, the output is a times the 
input, and the feedback signal is ab times the 
input. If the product, a, which is the loop gan, 
is exactly equal to 1, the loop may be closed, as 
shown. in B, and the feedback signal will supply 
exactly the amplifier input that is required for 
steady oscillation. Suppose, for example, that 
a i-volt signal from an external source is con- 
nected to the amplifier input in the system shown 
in B. This will develop a feedback voltage of 
exactly 1 volt, having the same phase as the 
amplifier input, and the feedback signal may be 
substituted for the external signal, by closing the 


loop, as in the illustration, with no change in the 


signal levels at various parts of the system. If 
the loop gain is less than 1, the closed loop system 
is unable to supply itself with an adequate input 
signal, and the oscillation will die away, as shown 
in A of figure 145. If, on the other hand, the loop 
gain is greater than 1, the feedback signal is 
greater than the required input for steady oscilla- 


tion and the amplitude of oscillation will increase, 


so long as the loop gain exceeds 1, as in B. 
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Figure 146. Effect of changing loop gain. 


b. Establishing Steady Oscillation. Although this 
discussion explains how oscillations can sustain 
themselves, grow, or die away in a feedback oscil- 
lator, nothing has been said about how oscillations 
start or why the oscillator settles on a particular 
frequency. The key to this les in saturation of 
the amplifier portion of the feedback oscillator. 
Saturation, which should be familiar to every 
electronics man, is the reduction in the gain of an 
amplifier when the signal level increases beyond 
some critical point. A of figure..146,.shows the 
output of an amplifier for various input levels. 
For small inputs, less than 1 volt, the output is 
five times the input, and the gain, shown in B, 
is 5. Although the output continues to rise as the 
input signal is increased, the gain (the ratio of 
output to input) decreases. For an input of 2 
volts, the output is only 6 volts and the gain is 
reduced to 3. By the time the input reaches 5 
volts, the gain has fallen to 1.5; for an input of 





8.25 volts, the gain is only 1. With still higher | 
input signals, the output continues to rise slightly, 
approaching a saturation level of 8.5 volts, whereas » 
the gain continues to decrease, reaching .5 at a 
17-volt input level. This set of figures has been — 
chosen for the purpose of making a clear presenta- 

tion of saturation. In practical amplifiers, how-_ 
ever, the gain for small signals is likely to be 50 © 
or more and may be as great as several hundred. 
With a clear picture of saturation in mind, it is - 
easy to see how the oscillator behaves. With no 
signal in the amplifier, the loop gain (a6) is high. 
Suppose, then, that there is some disturbance in 
the circuit—probably the result of tube noise. 
This disturbance may be thought of as composed 
of a number of distinct frequencies; for some of 
these frequencies, the loop gain will be high and 
with the proper phase for the amplifier to supply 
its own input. Oscillations will start and grow 


rapidly at all of these frequencies. As soon as the — 


signal level rises in the amplifier, the gain (and 
consequently the loop gain) will be reduced. As 
the oscillations grow, the loop gain will become 
smaller until it is less than 1 for some of the 
frequencies of oscillations (for which the loop 
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gain for small signals was greater than 1). The 


oscillations at these frequencies then die away - 


quite rapidly. The process continues as long as the 
over-all signal level increases (as long as the loop 
gain remains greater than 1 for one or more 
frequencies). In a well designed oscillator, all 
signals but those at one frequency die away shortly 
after the oscillator is turned on. With poor 
design, there may be two or more frequencies at 
which the oscillator operates, and in some types of 
oscillator it is extremely difficult to confine the 
operation to a single frequency. The oscillator, 
therefore, reaches stable operation at a single 


frequency with a signal level for which the ampli- 


fier gain is 1/b (so that the loop gain is 1). All 
other frequencies are suppressed because abd is 
less than 1 for these frequencies. The signal 
level is stable, since any increase in signal level 
causes a reduction in loop gain and a consequent 
dying away of the oscillation. Similarly, any 
reduction in level causes an increase in loop gain 
and a growth of the oscillation. © 


94. Relaxation Oscillators 


A relaxation oscillator is probably easier to 
understand than any other type. It consists of a 
system, of almost any sort, that tends to relax 
toward a preferred state. Before the preferred 
state is reached, a device is triggered that pushes 
the system away from the preferred state, after 
which the system starts once more to relax. The 
process is something like what would happen if a 
tired man were to sit on a tack, provided that for 
some reason he attempted to sit on the tack 
again and again. The period of a relaxation 
oscillator is the time interval between successive 
triggering of the displacement device. This 
interval depends on how far the system is displaced 
from its preferred state and on how rapidly it 
relaxes. The time required for displacement from 
the preferred state is usually negligible. 

a. Thyratron Oscillator. The best known relaxa- 
tion oscillator is undoubtedly the thyratron sweep 
circuit used in cathode-ray oscilloscopes of moder- 
ate speed. One version of this oscillator is shown 
in A of figure 147. The preferred state is, of 
course, the condition in which the firing capacitor 
is charged fully so that no current flows through 
the charging resistor (or through the bias net- 
work). Before this state is reached, however, the 
thyratron fires and discharges the firing capacitor 
almost to zero. Then the capacitor charges 
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-is shown in A of figure 148. 
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Figure 147. Circuit of relaxation oscillator with thyratron. 


through the charging resistor until the voltage 
across it is once more sufficient to cause the 
thyratron to fire. The waveform of the voltage 
across the firing capacitor is shown in B. The 
charging rate—the rate at which the system 
approaches its preferred state—is set by the time 


constant of the firing capacitor and the charging 


An interesting variation of this circuit 
Here the firing 
capacitor discharges through the discharge resistor 
until the thyratron cathode drops enough for the 
thyratron to fire. The capacitor then is recharged 
by the thyratron, which extinguishes itself when 
the anode-cathode voltage falls below a critical 
value. Since the thyratron fires at a critical value 
of grid-cathode voltage (whereas the earlier circuit 
fires at a critical value of anode-cathode voltage), 
the firing point can be adjusted easily by altering 
the grid bias. This, of course, changes the instant 
at which the system is pushed away from its pre- 
ferred state, and so controls the frequency of 
oscillation. A modification of this circuit that 
provides a more linear charging rate is shown in B. 


resistor. 


The charging resistor is replaced, here, by a 
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Figure 148. Modified thyratron oscillator circuit. 


pentode, which functions as a constant-current 
device. Coarse frequency control now is achieved 
by adjustment of the thyratron bias, and fine 
frequency control is obtained through adjustment 
of the pentode bias resistor. 

b. Multwibrator. A conventional multivibrator 
(fig. 149) may be thought of as a push-pull re- 
laxation oscillator. The preferred state of each 
tube is the conducting state, and as one tube 


reaches its preferred state and starts to conduct, 


it drives the grid of the other tube well past cut-off. 
It is desirable to examine the way in which the 
multivibrator starts to oscillate. Suppose that 
the two tubes are in the circuit’ as shown, with the 
single exception that the two coupling capacitors 
are omitted. The current through each tube then 


assumes a steady value which is determined by 


the anode and cathode resistors, and the fact that 
the grid is returned to B-minus. If, now, the 
coupling capacitors are connected, there is no- 
change in the system, at first. Any variation in 
the grid voltage of either tube, however, will 
throw the system into oscillation. Suppose that 
the grid of tube 1 moves slightly in the positive 
direction as a result of tube noise in either one of 
the tubes. This momentary positive signal is 
amplified in tube 1 and drives the grid of tube 
2 in the negative direction. Tube 2, in turn, 
amplifies the signal at its grid and returns a large 
positive signal to the grid of tube 1. The process 
is cumulative, and proceeds with increasing 


speed—the grid of tube 1 moving in the positive 


direction while the grid of tube 2 moves in the 
negative direction. This continues until the two- 
tube amplification can proceed no farther— 
usually as a result of cut-off in the tube the grid 
of which is driven in the negative direction; the 
process stops when tube 2 is cut off, with the grid 
of tube 1 well above its normal level. This con- 
dition is not permanent, however, because the 
coupling condenser that feeds the grid of tube 2 
begins to shift its charge, discharging through the 
grid resistor of tube 2 and the anode resistor of 
tube 1.. Tube 2 then starts to conduct, and the 
two-tube amplification process lifts’ the grid back 
into the positive region and drives the grid ‘of 
tube 1 well past cut-off, as explained above. 


‘The behavior of the system as it goes into oscilla- 


tion is a little like that of a pencil that has been. 
balanced on end. Any disturbance will throw it 
out of its condition of unstable equilibrium and 
into oscillation. The circuit can be made to have 
greater amplification by connecting the cathodes 
of the two tubes to B-minus through a single 
cathode resistor, and this is frequently done. _ 
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Multivibrator circuit. 


Figure 149. 
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c. Unwibrator. The circuit known as a univi- 
brator relaxes toward a preferred position and does 
not trigger a device which displaces it. This cir- 
cuit, which is sometimes called a one-shot multi- 
vibrator in the United States and a Kipp relay in 
Great Britain, is shown in figure 150. In the 
_ preferred state of the system, tube 2 conducts, 

since its grid is returned to its cathode and the 
tube has a grid bias of zero. 
tube 1 is adjusted so that tube 1 is just a little 
past cut-off. In the quiescent state, then, tube 
2 draws current and tube 1 does not. 
is triggered by a positive pulse at the input termi- 
nal, and the input need be only large enough to 
cause tube 1 to draw current. This signal is 
amplified in tube 1 and appears as a negative 
pulse at the grid of tube 2. The resulting drop 
in the current of tube 2 causes the cathodes of 
both tubes to move in the negative direction, and 
the negative signal at the cathode of tube 1 causes 


precisely the same result as the original positive 


sional at the grid of tube 1. As in the multivi- 
brator, the process continues until tube 2 is cut 
off. At this point, tube 1 draws current and tube 
2 does not. The coupling capacitor that feeds 
the grid of tube 2 then discharges, and as soon as 
tube 2 commences to conduct, the initial process 
is reversed and tube 1 again is cut off. At this 
point, however, the system rests until another 
input pulse is received. The duration of the un- 
stable state (with tube 1 conducting and tube 2 
cut off) is determined by the resistor and capacitor 
connected to the grid of tube 2, 

d. Relay Relaxation Oscillator. It is necessary 
to emphasize the fact that an oscillator need not 
be electronic. In the following paragraph on ring- 
ing oscillators, for instance, an old-fashioned pen- 
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Univibrator circutt. 
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Figure 151. Circuit of relaxation oscillator, using relay. 
dulum clock is mentioned as an example, and an 
electrical but nonelectronic oscillator is shown in 
figure 151. 
itor and charging resistor together with a relay. 


In operation, the capacitor charges through the 


resistor until the voltage across it is sufficient to 


pull in the relay. When the relay is actuated, 


one set of contacts is used to short the capacitor, 


- after which the relay drops open and the capacitor 
starts once more toward the preferred position of 


full charge. 


95. Ringing Oscillators 


Another type of oscillator is called a ringing 


oscillator. This consists of a resonant system, 


which may be a pendulum or a cavity resonator, 


together with a mechanism of some sort for feed- 
ing energy to the resonator. It has been ex- 


plained (ch. 4) that a cavity resonator will ring 


at its own resonant frequency whenever it is 
shock-excited, and the same thing is true of any 
other resonator. 
ranged so that the resonator periodically is given 
a small boost at the proper time, it will continue 


to ring and the combination of resonator and 


boosting mechanism legitimately may be con- 
sidered an oscillator. One good example of a 


ringing oscillator is the pendulum on an old- 


fashioned clock. Left to itself, the pendulum 
would swing from side to side at its resonant 


frequency but the amplitude of its swings would 
- decrease continually..and finally it would come — 


to rest. The clock mechanism, however, pro- 


_ vides a gentle push to the pendulum at each end 
of its swing, and it goes on oscillating indefi- 


nitely so long as someone remembers to wind the 
clock. Another example, of course, is the balance 
wheel and escapement mechanism on a watch or 
a modern nonelectric clock. This, however, may 


not be as familiar as the pendulum. Still another 


The latter consists of the usual capac- — 


If, then, matters can be ar- 


example of a ringing oscillator is a small boy in a 
swing. If he pumps at the right time during each 
swinging cycle, he will oscillate indefinitely, or 
until he gets hungry and goes home for supper. 
A good example of the ringing oscillator in the 
field of conventional electronics is the tri-tet 
harmonic oscillator shown in figure 152. This 
consists of a pentode that operates like a com- 
bination of a triode oscillator and a buffer stage. 
The cathode, control grid, and screen grid of the 
tube are connected as a triode oscillator of one 


sort or another; the illustration shows them con- 


nected as a conventional crystal oscillator. The 


tuned circuit in the plate line then is set to reso- 


nate at the desired harmonic of the oscillator fre- 


quency. Its behavior is very much like that of a. 


clock pendulum, except that it gets a boost in 
each direction only once during each cycle of the 


oscillator. Since the resonator is boosted one 
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> -——_ TUNED TO RESONATE. . 
= AT DESIRED HARMONIC 
OF OSCILLATOR 
FREQUENCY 
OSCILLATOR TANK’ 
3. ae TO LOOK 
= INDUCTIVE AT 
SREGUENCE 
CRYSTAL } 
= TM 673-510 
Figure 152. Tri-tet harmonic oscillator circutt. 
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Figure 158. Push-push doubler circutt. 


way when the oscillator current is at a maximum 
and the other way 1 half-cycle later when the 
oscillator current is at a minimum, the system 
works best as a generator of odd harmonics. It 
should be noted that all frequency multipliers are 
not ringing oscillators. The conventional push- 
push doubler, for example, shown in figure 153, 
operates with the inputs to the two tubes in push- 
pull and the two outputs in parallel. If the tubes 
are operated class B, the output looks like that of 
a full-wave rectifier and it has a very large second 
harmonic content. The output tank then serves 
as a filter rather than as a resonator, although the 
distinction is slight, and selects a second harmonic 
signal, or other even harmonic signal, which is 
already present. The harmonic tank in the tri- 
tet oscillator, however, does not receive any sig- 
nificant amount of hecmon signal and actually 
generates the harmonic output by ringing. 


Section Il. SOME OSCILLATORS USING CONVENTIONAL TUBES 


96. Repiesentative Feedback Oscillator Cir- 
cuits 


The usual radio-frequency signal source at 


_. frequencies: below -themicrowave range is a feed-— 


back oscillator of the type described in paragraph 


93. This section takes up a number of represent-_ 


ative feedback oscillator circuits and discusses 
some of the factors that prevent their use in the 
microwave region. It includes also a discussion 


of the Barkhausen oscillator, a type of oscillator. 


seldom used, but mentioned here because the 
discussion of its operation makes a good introduc- 
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tion to the subject of velocity-modulated tubes, 
which are taken up in paragraphs 101-105. _ 

a. Basic Cirewt of Feedback Amplifier. The 
basic loop configuration shown in figure 144 is. 


illustrated again in A of figure 154, but the circuit 


aspect, rather than the feedback aspect of the 
basic circuit is emphasized in B. Here, the 
useful output connection has been omitted, and 
the feedback path is shown as a load network fed 
by the amplifier. The output in B is the feed- 
back signal, which, when the loop is closed, sup- 
plies the amplifier input. Suppose, now, that the 
input to the amplifier is a signal, #, and the output 
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from the load network is a signal, H’. If there is 
a frequency for which /’ and & are precisely in 
phase, with EH’ larger than #, the system will 
oscillate at that frequency when the loop is closed. 
It is necessary that EH’ be larger than E; otherwise 
the amplitude of oscillation will not increase. 
When the system is in stable operation, of course, 
the amplifier is saturated partially so that its gain 
is reduced. For signals at the normal oscillation 
level, H’ and EF are equal (they must be equal 
when the loop is closed, for then LE is EL’), but for 
low-level inputs with the loop open, /’ is greater 
than #. The basic feedback amplifier, there- 
fore, consists of an amplifier driving a load net- 
work, with the output of the load network serving 
as the input to the amplifier. The useful output 
normally is taken directly from the amplifier 
output. Usually the amplifier consists of a single 
stage, either single-ended or push-pull. The re- 
quirement on the load network is that at the fre- 
quency of oscillation, the output of the load network 
must be in phase with the input to the amplifier 
and (for low-level signals) must be slightly greater 
in amplitude. 

_. 6. Load Network Characteristics. A single tube 
can be replaced either by a voltage generator or 
by a current generator, both of which are dis- 
cussed in appendix II. In figure 155, E,, is the 
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Figure 154. Basic circuit of feedback oscillator. 
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Figure 155. Equivalent amplifier circutts. 


input voltage applied between the grid and the 
cathode of the tube and u, R,, and G,, are the 
tube constants. The two circuits, A and B, are 


equivalent, but it is probably desirable to concen- 


trate on the voltage generator circuit, since it is 
a more familiar one than the current generator. 
In this circuit, the load network is fed from a 
resistive source having an emf (electromotive 
force) proportional to —E,,. The problem of 
gain may be neglected for the moment, since it is 
usually easy to obtain the required gain of more 
than 1. The load network then is required to 
develop an output in phase with, and of slightly 
greater amplitude than H,, when fed from a 
resistive source having an emf proportional to 
—,-. In other words, the load network, when 
fed through the generator impedance R,, must 
develop a 180° phase shift at the frequency of 
oscillation. This requirement is illustrated in 
figure 156. 
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Figure 156. Load network characteristics. 


c. Transformer-Coupled Oscillator. One of the 
simplest load networks that will supply the re- 
quired phase shift of 180° is a transformer. The 
load network (A of fig. 157) (with the plate re- 
sistance R,) is, then, nothing more than a simple 
air-core transformer with primary tuned so that 
it appears resistive and supplies precisely the 
desired phase shift. B shows the circuit of an 
oscillator of this type, with grid-leak bias. The 
parallel resistor (the grid leak) and capacitor act 
as an automatic bias circuit. During positive 
swings, the grid draws current, since it is more 
positive than the cathode, and charges the capac- 
itor. During the remainder of the cycle, the 
capacitor discharges through the resistor. The 
time constant of the resistor-capacitor combina- 
tion is much longer than a cycle, however, and the 
capacitor accumulates a charge in the direction 
shown on the drawing. On this account, if the 
amplitude of oscillation increases, the capacitor 
acquires a greater charge and applies additional 
negative grid bias, which reduces the gain of the 
system. By proper adjustment of the grid leak 
and grid capacitor as well as by proper choice of 
the voltage ratio in the feedback transformer, an 
operating point can be chosen at which the ampli- 
fier ig reasonably linear so that the oscillator 
output has a good waveform. 

d. R-C Oscillator. Another simple load net- 


work that provides the required phase shift is 
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Figure 157. Transformer coupled oscillator circutt. 
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Figure 158. R-C oscillator circutt. 


- composed of a number of resistor-capacitor sec- 


tions (A of fig. 158). The circuit of the oscillator, 


_shown in B, often is used in the audio-frequency 


range. 

e. Three-Reactance Network. This is the most 
frequently used load network (fig. 159) particu- 
larly at medium and high frequencies. In A, 
it is shown with a single capacitor, and in B it is 
shown with two capacitors. The theory of these 
networks is simple. If, in A, the reactance of C is 
ereater than the reactance of £;, the branch 
C-L, will look capacitive. The current through 
the branch then will lead the voltage at X by 90°. 
The voltage across L,, however, always leads by 
90° the current through L,, and it is therefore 180° 
out of phase with the voltage at X. The output of 
the load network is, therefore, 180° out of phase 
with the voltage at X. If, then, LZ, is chosen so 
that its inductive reactance is equal (but of op- 
posite sign) to the capacitive reactance of branch 
C-L,, the impedance at X will be resistive and the 
voltage at X will be in phase with the voltage at 
the input. Similarly, in B, if the impedance of L 
is greater than that of C,, the branch will look 
inductive. The current in branch L-C, will, 


therefore, lag the voltage at X by 90° and, of 


course, the voltage across C; lags the current by 
90°. The result is a 180° phase shift between the 
voltage at X and the output voltage. If C, is 
chosen properly, the impedance at X will be 
resistive at the oscillator frequency, and the 
network will provide the required 180° phase 
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Figure 159. Three-reactance networks. 


shift between input and output voltages. The 


basic circuits; of three-reactance oscillators are 
shown in figure 160; with one capacitor shown in 
A and two capacitors in B. The one capacitor 
circuit uses series feed at both plate and grid 
(the circuit element is in series with the d-c 
supply to the tube element), but the two-capacitor 
circuit is forced to use shunt feed for both plate 
and grid (the circuit element is in parallel with the 
d-c supply to the tube element) and requires a 
d-c blocking capacitor in series with the plate-grid 


inductor as well as an r-f choke for the plate feed 


and a resistor for the grid feed. A number of 
three-reactance oscillators are described below. 

f. Tuned-Plate, Tuned-Grid Oscillator. A tuned- 
plate, tuned-grid oscillator, shown in figure 161, 
is a three-reactance oscillator with one capacitor. 
The two tanks, or tuned circuits, are adjusted to 
look inductive at the oscillator frequency and to 
function as the inductors in a three-reactance 
network. The third reactance is the capacitor 
between the plate and the grid. This capacitor is 
required when a pentode is used but, when a 
triode is used, the plate-grid capacitance of the 
tube is usually sufficient to complete the network 
and the capacitor may be omitted. | 

g. Hartley Oscillator. The Hartley oscillator 
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Figure 160. Three-reactance oscillator circuits. 


(fig. 162) is another three-reactance oscillator 
with one capacitor. The two inductors, however, 
are wound as a single coil so that shunt feed 
must be used for the plate. This requires the r-f 
choke and the d-c blocking capacitor shown in the 
drawing. The Hartley oscillator is simpler than 
the tuned-plate, tuned-grid oscillator because it 
has only one tuning adjustment. | 

h. Colpitts Oscillator. The Colpitts oscillator 
(fig. 163) is a two-capacitor version of the three- 
reactance oscillator. In practice, the two tuning 
capacitors are ganged so that only a single control 
is needed. Since one side of each of the variable 
capacitors is grounded, the Colpitts oscillator is a 
little easier to construct, from a mechanical 
standpoint, than the Hartley oscillator. 
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figure 161. Tuned-plate, tuned-grid oscillator circuit. 
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Figure 162. Hartley oscillator circutt. 


1. Crystal Oscillator. A crystal oscillator is one 
that uses a quartz crystal as a frequency-con- 
trolling element. (This should not be confused 
with the crystal mixers and crystal rectifiers used 
at microwave frequencies.) The behavior of such 
a crystal is described briefly in appendix II. The 


equivalent circuit of the crystal is shown in A of — 


figure 164, and the oscillator circuit is shown in 
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Figure 1 63. Colpitis oscillator circutt.. 


B. This is a three-reactance oscillator of the one- 
capacitor type and is electrically equivalent to 
the tuned-plate, tuned-grid oscillator described in 
f, above, and shown in figure 161. The required — 
capacitance between the plate and the grid is 
supplied by the tube capacitance. .The crystal, 
shunted by the r-f choke which provides a d-c 
erid connection, looks inductive at the operating 
frequency, and the plate tank is tuned to look in- 
ductive as well. The precision with which. the 
quartz crystal controls the oscillator frequency is 
indicated in A, of figure 164. At the resonant 
frequency of the crystal, the Z-R-C (inductance- 
resistance-capacitance) branch of the equivalent 
circuit is resistive. Below the resonant frequency, 
this branch looks capacitive. In either case, the 
equivalent circuit of the crystal, the L-R-C 
branch in parallel with C’, looks capacitive. 
Above the resonant frequency of the crystal, the 
L-R-C branch looks like an inductance. The 
crystal, however, can appear inductive only if the 
inductive current through the Z-R-C branch is 
greater than the capacitive current through C’. 
Because of the high Q of the crystal, the inductive 


reactance of the £-h-C branch increases very 


rapidly .with frequency (above the resonant 
frequency of the crystal) and there is only a small 
frequency range in which oscillation is possible. 
The Q of a crystal is something like 10,000. This 
is much higher than the Q of an ordinary tuned 
circuit. - ? 
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Figure 164. Crystal oscillator circuit. 


97. Tube Capacitance and Lead Inductance 


The feedback oscillator discussed in the previous 
paragraph appears to be a simple and uninvolved 
circuit. The situation is complicated, however, 
by the presence of capacitance between the 
elements. of the vacuum tube and, to a lesser 
degree, by the inductance in the leads to the tube 
- elements. 

a. Transformer-Coupled and R-C Oscillators. 
Neither the transformer-coupled oscillator nor the 
R-C oscillator can be operated successfully except 
at relatively low frequencies. In these oscillators, 
as in all feedback oscillators, signals are transferred 
from the plate to the grid through the load net- 
work. Some additional signal also is transferred 
from the plate to the grid through the plate-grid 
capacitance of the tube, and this path does not 
- provide the required 180° phase shift in either 
transformer-coupled or A-C oscillator circuits. 
In figure 165, A shows the circuit of a transformer- 
coupled oscillator, making use of the equivalent 
generator concept, with the plate-grid capacitance 
presented as though it were an external capacitor. 
B is the circuit of an F#-C oscillator in the same 
way. These circuits will oscillate only when the 
effect of the plate-grid capacitance is very small. 
Since the reactance of the plate-grid capacitance 
decreases when the frequency is raised, high- 
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frequency operation of either of these circuits is 
difficult or impossible because the bulk of the 
erid signal is supplied through the plate-grid 
capacitance rather than through the phase- 
shifting load network, and the resulting grid signal 
is not of the proper phase to sustain oscillation. © 

b. Three-Reactance Oscillators. Crystal oscilla- 


tors cannot be used much above 10 me per second 


because of the extremely thin crystals required for 
high-frequency operation. (Crystal-controlled 
transmitters are operated at high frequencies, but 
these involve oscillators followed by harmonic 
generators.) Other types of three-reactance oscil- — 
lators can, however, be operated at frequencies 

close to the microwave region. The three-react- 
ance oscillator with one capacitor is attractive for 
high-frequency operation, since the plate-grid 
capacitance becomes part of the load network and 
the other two tube capacitances may be tuned out 
by external inductors. A, of figure 166, shows the 
basic circuit of the oscillator, and B represents the 
circuit with the interelectrode capacitances added. 
Direct-current connections are omitted in each 
case. The conventional Hartley oscillator, using 
tubes having standard bases, shown in figure 167 
with interelectrode capacitances added, operates 
well at moderately high frequencies. However, 
the possibility of operating such a Hartley oscilla- 
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Figure 165. Oscillator circuits with plate-grid capacitance, 
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Figure 166. Effect of all tube capacitances. 


tor at very-high frequencies is limited, because the 
external inductors are in series with the induct- 


ances of the tube leads. It is, therefore, impossible 


to obtain ltile enough inductance for vhf operation 











Figure 168. Types of acorn tubes. 





using ordinary tubes. This difficulty was solved 
in the middle 1930’s by the development of the 
acorn tube. The early acorn tube series consisted 
of a triode, type 955, shown in A of figure 168; a 
sharp cut-off pentode, type 954; and a remote 
cut-off pentode, type 956, shown in B. The two. 


-pentodes are identical in external appearance, and 


all three tubes use indirectly heated cathodes 
operating at 6.3 volts. Since that time, other 
acorn tubes have been developed for battery 
operation. Interelectrode capacitances are mini- 
mized by small elements, and lead inductance is 
minimized by short straight leads. By virtue of 
this construction, the acorn triode can be used in 
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Figure 167. Hartley oscillator with interelectrode 
capacitances. 
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a Hartley oscillator circuit at frequencies as high 
as 600 megacycles per second. 


c. High-Power-Three-Reactance Oscillators. The | 


miniature construction of the acorn tube limits 
the interelectrode capacitors, but unfortunately 
limits the power-handling capabilities as well. 
A large tube, having greater allowable dissipation 
than the acorn, and developing a correspondingly 
ereater power output, cannot be operated at such 
high frequencies. A of figure 169, shows the 
basic three-reactance oscillator with one capacitor. 
It is clear from the circuit (discussed in par. 96e) 
that the required phase shift in the branch C-L, 
ean be obtained only if the impedance of the 
branch is capacitive—that is, if the impedance of 
Cis greater than that of Z;. Since the plate-grid 
capacitance is always present, this sets an upper 
limit on the frequency of the one-capacitor type 
of oscillator unless the circuit is modified by the 


addition of a shunt inductor that can be used to — 


raise the plate-grid impedance. A simpler solu- 
tion is the use of the two-capacitor circuit shown 
in B. It is convenient to operate the grid instead 
of the cathode at ground (A of fig. 170). The 
reason for this is illustrated in the push-pull 
circuit in B. The midpoint of the plate-to-plate 
inductor is essentially at ground potential, from 


the r-f standpoimt, and the inductor thus is con- 


nected from plate to ground. This is, of course, 
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Figure 1 69. Three-reactance oscillator circuits. 
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Figure 170. High-power oscillator circuit. 


the same as a plate-grid connection if the grid is 


grounded. In practice, short lengths of transmis-_ 


sion line may be used for the plate-to-plate 
inductor and the cathode-to-cathode capacitor, 
the lengths being chosen to obtain the proper 
impedance. Interelectrode capacitance in each 
tube supplies the plate-cathode capacitance. 
Fine tuning is accomplished by means of a low- 
capacitance trimmer across the cathode transmis- 
sion line. An oscillator of this type, operated 
with a plate supply of 10,000 volts, is able to 
deliver up to 50 kilowatts in pulse service (during 
pulses) at frequencies of 200 me per second. The 
tubes employed are type 8011, commonly called 
the micropup (fig. 171), especially developed for 
this application. A number of other conventional 
tubes are able to operate at frequencies higher than 
this. High-power oscillators similar to the one 
described immediately above can be operated 
easily at frequencies up to 600 mc per second, and 


acorn tubes can be operated above 1,000 mc per 
second. 
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Figure 171. High-power high-frequency triode. | 


98. Transit Time 


This discussion has shown that interelectrode 
capacitance and lead inductance are likely to be 


troublesome when an attempt is made to operate 


a conventional oscillator at high frequencies. 
However, with proper circuit design and the use of 
special tubes, which are conventional vacuum 
tubes so far as operating principles are concerned, 
the basic three-reactance, feedback oscillator can 
be made to deliver useful power at frequencies 
above 1,000 mec per second. The limiting fre- 
quency for a given tube, above which operation is 
not feasible, usually is set by the transit time— 
the time it takes an electron to travel from the 
cathode to the plate. 

a. Effect of Transit Time. Because of transit 
time, the grid of a vacuum tube operated in the 
conventional way draws a resistive current. Thus, 
the effect of transit time on the external circuit 
is identical with the effect of a resistor connected 
between the grid and the cathode of the tube. 
Referring to figure 172, assume that the plate- 
cathode voltage and the grid-cathode voltage are 
constant. Assume, further, that the grid is suff- 
ciently negative in relation to the cathode that no 
erid current flows. 





_ flow in region Z will increase. 


The plate current reaches a_ 


constant value shortly after the plate-cathode and 
erid-cathode voltages are applied, and, after this 
constant value has been reached, the number of 
electrons approaching the grid is the same as the 
number of electrons moving away from it. Now 
suppose that the grid is suddenly made more 
positive, but not so positive that grid current 
flows after the steady-state plate current has been 


— established. Almost immediately the current flow 


will increase—more electrons will be moving—in | 
regions X and Y, close to the grid. However, a 
short period of time will elapse before the current 
This time delay 
results from the fact that the grid can establish 
increased. current flow only in its immediate neigh- 
borhood. Therefore, the current flow at Z cannot 
increase until the arrival, in that region, of the 
electrons that leave the grid at the instant when. 
the grid voltage is changed. After the new value 
of plate current has been established, the number 
of electrons approaching the grid is the same as 
the number receding from it. Before the new 
value of plate current has been established, while 
the current at Z still has its original -value, more 
electrons are approaching the grid than are moving 
away from it. This is true because the current 


change in region Z, which is the last change to 


occur (the current changes earlier in regions X_ 
and Y because they are closer to the grid), in- 
creases the number of electrons moving away from 
the grid and makes this number equal to the 
number of electrons approaching the grid. The 
excess of approaching electrons constitutes a grid 
current, whether or not the approaching electrons ever 
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Figure 172. Effect of electron transit time on vacuum tube 
operation. 7 | 
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reach the grid, because these electrons repel elec- 
trons at. the grid and cause an actual current of 
electrons leaving the grid by way of the grid lead. 
An increase in the grid voltage is, therefore, ac- 
companied by a momentary flow of current to the 
grid (or a flow of electrons from the grid) in 
exactly the same way that an increase in the 
voltage across a resistor and a capacitor in series 
causes a momentary current flow. The effect of 
transit time is, therefore, the same as the effect of 
a series-R-C' circuit connected between the grid 
and the cathode. When an alternating voltage 


is applied to the grid, the phase and magnitude 


of the transit time current depend on the relation 
between the transit time and the duration of 1 
cycle. At moderate frequencies, the effect of 
transit time current is to increase the apparent 
grid-cathode capacitance. At higher frequencies 
the resistive effect is the important one, and the 
equivalent input resistance of the grid decreases 
with increasing operating frequency, other things 
being equal. 

b. Effect of Transit Time on Oscillator Perform- 


ance. Suppose that the amplifier, which is the - 
heart of a feedback oscillator, delivers a power 


output, P. Some of this power is dissipated in 
the load network that feeds the grid, some of it 
supplies the’required grid-driving power, and the 
remainder appears as useful output. 
creasing frequency, the input resistance of the 
grid is decreased, because of transit time effects, 
and the power required to maintain a given voltage 
level at the grid is increased. At some frequency, 
the required grid-driving power, added to the 
power dissipated in the load network will be 


greater than P, and sustained oscillations will not: 


be possible. That is, a tube output of P watts 
will not provide the grid-driving power, nor the 
grid voltage level, required to develop an output 
of P watts. This is simply another way of saying 
that the loop gain is less than 1. 

c. Methods of Decreasing Transit Time. There 
are two methods of decreasing transit time and 
thus increasing the maximum frequency of oscil- 
lation. One method is to reduce the spacing 
between the tube elements, particularly between 
the grid and the plate, so that the electrons have 
a shorter distance to travel. Reducing the 
spacing without making any other changes would 
increase the interelectrode capacitances and, 


therefore, it is necessary to make a corresponding — 


reduction in the size of the tube elements in order 
to hold the capacitances within reasonable limits. 
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_ which keeps d-c voltage from the shell. 


This method, reduction in spacing and in size, is 
the one followed in the design of the acorn tubes 
and the lighthouse tubes. Unfortunately, ~ re- 
duction in the size of the tube elements effects a 
corresponding reduction in the power dissipation 
of the tube, so that use of this method tends to 
produce tubes having only low-power outputs. 
The second method, used in high-power trans- 
mitting tubes, is to increase the plate-cathode 
voltage so that electrons move from cathode to 
plate more rapidly. This method is followed in 
micropup and similar tubes. Plate voltages of 
10,000 volts are common, and even higher voltages 
are not unusual. : 7 


99. Lighthouse Tubes 


Most of the conventional high-power oscillator 
tubes used at frequencies near the microwave re- 
gion are essentially similar to the micropup tube. 
They are triodes that rely on close spacing of the 
elements and on high anode voltage for reduction 
of transit time. In the low-power field, however, 
the acorn tubes have been superseded, for opera- 
tion at the highest frequencies, by disk-seal or 
lighthouse tubes. | 

a. Construction. In most vacuum tubes, both 
the grid and the anode are in the form of open- © 
ended cylinders that surround the cathode. The 
lighthouse tube (A of fig. 173) uses, instead, a 
series of plane or flat elements. The resemblance 
of this tube to a lighthouse is slight but neverthe- 
less, during World War IJ, supplied its name. A 
cross section showing the construction of this tube 
is shown in B. The d-c cathode connection is 
through the base pins, and the r-f cathode con- 
nection is by way of the largest shell. The in- 
ternal insulator between this shell and the cathode 
serves as the dielectric in a blocking capacitor, 
The use 
of disk terminals reduces the lead inductance of 
the lighthouse tube to extremely low values. In 
addition, the internal construction allows the grid 
conductor to extend beyond the cathode and 
anode so that it acts as an r-f shield between them. 


By means of this design, the capacitance between 


the cathode and the anode is reduced to a small 
fraction of a micromicrofarad. 

6. Inghthouse Oscillator. The lighthouse tube 
generally is used in a grounded-erid circuit. The 
anode-grid impedance is made inductive, the 


-cathode-grid impedance is made capacitive (and 


adjustable), .and the anode-cathode capacitance 
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Figure 173. Lighthouse triode. 


of the tube itself forms the third reactance of the 
feedback network. The tuning elements are 
ordinarily rigid coaxial lines (fig. 174). The outer 
conductor and the middle one form the cathode- 
erid line, and the middle and mner conductors 
form the anode-grid line. Both lines are tuned 
by means of adjustable shorting plungers. The 
output is taken from a coupling loop or a probe 
(not shown) which extends into the space between 


the anode and the grid conductors. The light- 


house tube frequently is used as an oscillator at 


potential. 
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Figure 174. Lighthouse oscillator. 


the lower microwave frequencies. It can be used 
also as an r-f amplifier, in a receiver. 


100. Barkhausen Oscillator 
Another type of oscillator, called the Bark- 


hausen oscillator, also uses conventional vacuum 


tubes. This oscillator is not of any particular 


- importance in military applications, but it is men- 


tioned here because it has some similarity to the 
klystron oscillators used at microwave frequencies. 

a. Basic Mechanism. Consider a conventional 
triode in which the anode is at the same voltage 
as the cathode, and the grid is at some positive 
Electrons emitted by the cathode will, 
of course, be attracted to the positive grid. The 
grid, however, is constructed of very fine wires 
with large spaces between them, and most of the 
electrons will pass through the spaces. After 
passing through the grid structure, the electrons 
continue to be attracted by the grid, since it is 
more positive than the anode, and they reverse 
their direction and approach the grid again. 
The grid is, therefore, surrounded by a cloud of 
electrons, all of them oscillating through the plane 
of the grid, as shown in figure 175. As fast as 
electrons are captured by the grid and removed 
from the cloud, new electrons emitted by the 
cathode take their places. As explained in the 
discussion on transit time in paragraph 98, an 
electron approaching the grid is equivalent to a 
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Figure 175. Barkhausen oscillations. 


current to the grid, and an electron leaving the 
erid is equivalent to a current from the grid. 
There are, therefore, oscillatory currents of all 
possible phases in the grid line. The frequency 
of these, which is twice the frequency of the 
electron oscillations, is determined by the elec- 


~ trode voltages and by the spacing between the 


electrodes. The frequency of the oscillatory cur- 
rents is twice that of the electron oscillations be- 
cause the current direction is reversed four times 
during each: electron oscillation cycle—once at 
each end of the electron path when the direction 
of the electron motion is reversed, and twice at the 
midpoint, of the electron path when the electron 
passes through the grid structure. , 


b. Electron Sorting. Assume that an a-c voltage 
having the same frequency as the oscillatory 
currents is superimposed on the positive d-c grid 
voltage. These electrons that approach the grid 
during the positive half-cycle of the a-c grid 
voltage, and that leave the grid during the 
_ negative half-cycle, develop resistive currents and 
draw power from the generator that feeds the 
erid. That is, current associated with these 
electrons flows to the grid during positive 
half-cycles of the grid voltage and away from 
the grid during negative half-cycles. Electrons 
that oscillate 180° out of phase with these, how- 
ever, deliver power to the grid, since the associated 
currents flow from the grid during positive half- 
cycles of the alternating grid voltage and to the 
grid during negative half-cycles. These electrons, 
therefore, deliver power to the generator that ex- 
cites the grid. First, consider what happens to 
one of the electrons that delivers power to the 
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grid. During the positive half-cycle of the grid 
voltage, this electron is moving away from the 
grid; during the negative half-cycles, it is moving 
toward the grid. Therefore, the electron is 


attracted strongly when it is leaving the grid and © 


only weakly when it approaches the grid. The 


strong attraction as it moves away prevents it . 


from escaping from the neighborhood of the grid, 
and the weak attraction as it approaches the grid 
prevents it from being captured immediately. 
Therefore, it continues to oscillate for a relatively 
long time. Now, consider the behavior of an 
electron that absorbs power from the generator 
that excites the grid. This electron is attracted 
strongly as it approaches the grid and only weakly 
as it leaves the grid. Therefore, it may be cap- 
tured by the grid, or, alternatively, it may escape 
the influence of the grid entirely and travel either 
to the anode or the cathode. The result is that 


the electrons that delwer power to the grid continue | 
to oscillate longer than those that absorb power 


from the grid. 7 . 

c. Barkhausen Oscillator Circuit. The circuit 
of a typical Barkhausen oscillator is shown in 
figure 176. Any momentary inequality in the 
oscillatory currents in the grid line causes the 


resonant circuit to ring. This, in turn,- delivers 


an a-c voltage to the grid, which sorts out the 
oscillating electrons according to the scheme 
described above, removing those electrons that 
absorb power. 
therefore, continues to deliver energy to the 
resonant circuit, and stable oscillations result. 
The initial excitation of the resonant circuit results 
from tube noise—slight variation in the number of 
emitted electrons—which is present in all tubes. 
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Figure 176. Barkhausen oscillator circuit. 


The oscillating electron cloud, 


Section Ill. KLYSTRON OSCILLATORS. 


101. Theory of Velocity Modulation 


Velocity modulation, like almost everything 
else connected with microwaves, appears at first 
glance to be complicated, but actually is fairly 
easy to understand. Briefly, if a beam of electrons 
passes a fixed point, the nature of the beam may 
be derived from the number of electrons that pass 
the point during a given interval of time, and the 
velocity with which the electrons travel as. they 
pass the point. In a conventional vacuum tube, 
operating in a conventional circuit, the electron 
beam is modulated by varying the number of 
electrons. In a velocity-modulated tube, the 
beam is modulated by varying the slectron 
velocities. 

a. Some Hxamples of Velocity Modulation. To 
clarify the concept of velocity modulation, men 


are used in the following example (fig. 177) as a | 
mae 


substitute for electrons. Assume that, 
prisoner stockade, a military policeman passes 
prisoners through a gate on their way to a mess 
hall. As an example of an uwnmodulated beam, the 
MP passes two prisoners at a time through the 
- gate at 1-second intervals, as in A, and all prisoners 
are marching at the same speed. . At the gate, 
and at any other point between the gate and the 
mess hall, a steady stream of prisoners will pass 
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figure 177. Examples of density modulation. 


through the gate at 2-second intervals, 
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Figure 178. Example of velocity modulation. 


at the rate of two per second. As an example of 
a density-modulated beam, in which the number 
of prisoners is varied, suppose that the MP 
continues to pass prisoners through the gate at 
1-second intervals, but, at this time, he passes 
one prisoner, then three prisoners, one prisoner, 
three prisoners, and so on. In radio terms, the 
stream of prisoners now is density-modulated. An 
observer sees prisoners passing alternately at rates 
of one per second and three per second, as in B. 
The modulation level is, of course, 50 percent. 
That is, the maximum number per second is 50 
percent greater than the number per second in the 
unmodulated stream, and the minimum number 


_ per second is 50 percent less than that in the 


unmodulated stream. A modulation level of 100 — 
percent is achieved if the MP passes four prisoners 
four 
prisoners at a time, as shown in C. The rate is 
then alternately zero and four per second. As an 
example of a velocity-modulated beam, suppose ~ 
that the MP passes prisoners through in pairs at 
1-second intervals, as in the unmodulated stream, 
but that the first pair of prisoners marches more 
slowly than usual, the next pair marches faster 
than usual, the next pair slower, the next pair 
faster,and soon. At the gate, the stream appears 
to be unmodulated but, as the prisoners march, 
the slow ones fall back and the faster ones move 
ahead in the stream. At some point, each pair of 
fast-marching prisoners will overtake the slow 
pair ahead and, at this point, the prisoners will 
pass an observer in groups of four, one group 
every 2 seconds (fig. 178). At some further point, 
each faster pair will overtake the neat slower pair 
ahead of it, and an observer will see the same 
thing. Therefore, if the velocity-modulated stream 
is observed at the proper point, and there are an 
infinite number of proper ee it will appear to 
be density-modulated. 


b. Applegate Diagram. The  behavicr | of a 


- velocity-modulated beam commonly is shown on 
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a graph called an Applegate diagram (fig. 180). 

In figure 179, A shows the distance traveled by an 

electron as afunction of time. The electron passes 

a given point (which is the source of the velocity- DISTANCE 
modulated beam) at a time that is taken as t=0. | 
It then travels with constant velocity, so that its 

distance from the point increases uniformly with | : 
time. B shows similar plots for a number of SINGLE ELECTRON A 
electrons that leave the given point at intervals | 
after the time t=0. Suppose, now, that the beam 

is velocity-modulated. Some electrons will travel 

faster than others, and the plots for those electrons 

will be more nearly vertical than the plots for the 

slower ones as shown in figure 180. The points DISTANCE 

where bunching occurs—where the faster electrons 
overtake those traveling at normal velocity and 

where the slower electrons fall back to those | > TIME 
traveling at normal velocity—are shown clearly 
in this diagram. | 
c. Some Velocity-Modulation Calculations. Con- 

sider a beam of electrons that is velocity-modu- 
_ lated at a frequency of f cycles per second. Let 
V be the speed of the standard-velocity electrons, | 
let V(1+k) be the speed of the fastest electrons, already traveled a distance V(1—k)T7/2. The 
and let V(1—k) be the speed of the slowest elec- preceding slow electron left the beam source 3 
trons. Finally, let 7 be the duration of a cycle,  half-cycles earlier, and has traveled three times as — 
so that T=1/f. Suppose that one of the fast far, and so on. The fast electron moves at a 
electrons leaves the beam source at a given in- speed of V(1-+-k), and the slow electrons move at 
stant. The slow electron immediately ahead left a speed of V(1—k). Therefore, the fast electron 
the beam source 1 half-cycle earlier, and has overtakes all of the slow electrons, and its over- 





TIME 


NUMBER OF ELECTRONS . 8 


TM 673-537 


Figure 179. Electron time-distance plots. 
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Figure 180. Applegate diagram. 
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taking speed is 2kV. The time required to over- 
take the first slow electron is V(1—k) 7/2 divided 
by 2kV, or (1—k)7/4k. The second slow electron 
is overtaken after a time interval three times as 
long as (1—k)7/4k, the third one, after a time 
interval five times as long, and so on. The dis- 
tance traveled by the fast electron is V(1-++#) times 
the time interval, so that the first slow electron 
is overtaken after the fast electron travels a 
distance V(itk)(1—k)7/4k or V(A—k*)7/Ak. 
The second slow electron is overtaken after three 
times this distance, the third one after five times 
the distance, and. so on. Therefore, bunching 


takes place at distances from the beam source | 


that are odd multiples of V(1—k?) T/4k. Since k 


is usually small, the quantity (1—k’) is nearly 
equal to 1, and the bunching distances may be | 


taken as odd multiples of V7/4k. 


102. Simple Klystron 


A simple klystron consists of four parts: a beam 
source, a velocity-modulating unit called a buncher, 
a drift tube through which the velocity-modulated 
beam travels, and a unit called a catcher, which 
takes energy from the velocity-modulated beam. 

a. Beam Source. The klystron beam source, 
shown in figure 181, consists of a cathode and its 
heater, a control grid, and an accelerating grid. 
The control grid, as is usual, controls the number 
of electrons in the beam. It does not, however, 
have any signal superimposed on the bias voltage. 
The accelerating grid speeds up electrons that are 
passed by the control grid. The velocity, V, is 
adjusted by varying the voltage on the accelerat- 
ing grid. 

b. Buncher. The buncher (fig. 182) is a resonant 
cavity, usually of modified cylindrical form, 
that has two bunching grids through which the 
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_ Figure 181. Klystron beam source. 
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Figure 182. Klystron buncher. 


electron beam passes. When microwave energy 
is fed to the buncher cavity (the input to the 


— cavity is not shown in fig. 182), oscillations are 


set up, and an alternating voltage appears be- 
tween the grids. When the second grid is more 
positive than the first grid, electrons passing 
through the buncher drift tube are speeded up. 
Conversely, when the second grid is more negative 
than the first grid, electrons passing through the 
buncher are slowed down. Therefore, the elec- 
tron beam is velocity-modulated as it passes 


- through the buncher (provided that the buncher 
It is 


cavity is fed with microwave energy). 
necessary, of course, to tune the cavity, and tuning 
paddles and plugs are provided. The cavity is 


made re-entrant in order to reduce the spacing 


between the two bunching grids. Thus, if an 
electron remains in the space between the grids 
for a whole cycle, it will be speeded up during 
part of the cycle and slowed down during the 
remainder. The spacing is reduced, therefore, and 
the electron velocity is made large, so that the 
time required for an electron to pass between the 
buncher grids is only a small fraction of a cycle. 

c. Drift Tube and Catcher. The drift tube 
(fig. 183) is simply an evacuated tube through 
which the electron beam moves, and the catcher 
is a cavity with two grids like the buncher. In 
practice, the buncher and the catcher are almost 
identical. 

d. Operation. In figure 183, all parts of a 
complete klystron are shown separately, including 
a collector electrode on which the electrons 
land after passing through the catcher grids. 
In practice, the cathode is made negative, and the 
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remainder of the tube, with the exception of the 


control grid, is operated at ground potential. | 


The second.catcher grid frequently serves as a 
collector, and the first buncher grid often serves as 
an accelerating electrode. Operation of the 
_klystron is simple. An electron beam is passed 
through the buncher and is velocity-modulated 
by feeding energy to the buncher cavity. As the 
beam travels down the drift tube, the electrons are 
bunched; when the tube is adjusted properly, 
bunching occurs at the catcher grids. Electrons 
then pass through the catcher grid in bunches 
at the microwave frequency. It has been pointed 
out that an electron current is equivalent to any 
other current, and an alternating current between 
the grids of the catcher will excite the catcher 
cavity. Therefore, the tube acts as an amplifier, 
taking energy in at low levels at the buncher 


ELECTRON 
TRAP 







COLLECTOR 


COOLIN 
: ELECTRODE 


FINS 


CATCHER 
= GRID 










all 


- BUNCHER £ | 
GRIDS 
BUNCHER 
CAVITY 
ACCELERATOR 
GRID 
CONTROL 
GRID 
CATHODE 
HEATER 
TM 673-84) 


Figure 183. Klystron, 
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cavity and delivering an output from the catcher 
cavity. Ifsome energy is fed back by means of a 


short length of coaxial cable from the catcher 


cavity to the buncher cavity, the klystron will 
oscillate when it is adjusted correctly. 

e. Operating Modes. It is necessary to tune 
both resonant cavities of the klystron before it 
will operate, either as an amplifier or as an 
oscillator. Besides this, however, it is necessary 
to insure that bunching takes place at the catcher 
erids. This is controlled by adjusting the negative 
voltage on the cathode, maintaining a fixed voltage 
difference between the cathode and the control 


grid, so that the accelerating voltage, between the - 
cathode and the accelerator, brings the electrons 


to the proper velocity, V. As stated above, 
bunching occurs approximately at odd multiples 


of distance V7/4k, where the source of the modu- 


lated beam is the second buncher grid. Therefore, 
the distance between the buncher and the catcher 
must be an odd multiple of V7/4k for the tube to 
amplify, or oscillate; otherwise it will neither 
amplify nor oscillate, since the electron beam de- 
livers little or no energy to the catcher cavity. 
The klystron is said to be operating in the first 


mode (or in the fundamental mode) when the 


distance is approximately V7/4k, in the second 
mode when the distance is 3V7/4k, in the third 
mode when the distance is 5V7/4k, and so on. 
Bunching is less precise in the higher modes 
because of collisions between the electrons; fast 
electrons slow down on colliding, and slow electrons 
gain speed. Consequently, a klystron normally is 
operated in either the first or the second mode. 
It is possible to amplitude-modulate the klystron 
by varying the voltage on the control grid, and to 
frequency-modulate it by changing the accelerat- 
ing voltage. 
this sort seldom are used, since thé reflex klystron, 
described in paragraph 103, is smaller and more 
efficient. | | 

f. Mechanism of Oscillation. The klystron can 
function as an amplifier, as mentioned above, but 


it seldom is used, because of a fundamental diffi- 


culty. For successful amplification, the distance 
between the buncher and the catcher must be an 
odd multiple (more or less) of distance VIT/Ak. 
Unfortunately, & changes with the input level, and, 
with constant spacing, the klystron may be a good 
amplifier at one level and a poor one for signals at 
the same frequency but at another level. This 
characteristic, which makes the klystron of almost 


no value as an amplifier, gives it stability as an 


In practice, however, klystrons of. 


oscillator. Consider the mechanism of oscilla- 
tion: Some roughness in the electron beam excites 
the buncher cavity directly, or excites the catcher 
cavity and, through the coupling cable, the 
buncher cavity. In either case, the buncher 
cavity rings at its resonant frequency and velocity- 
modulates the electron stream. At a low signal 


level, k is small and the bunching distance is well 


beyond the catcher grids (since V7'/4k is larger 


than it should be). - If k& is large enough—if the — 


shock excitation of the cavity has been sufficiently 
severe—the klystron will amplify, and the signal 
will be fed back from the catcher to the buncher. 
As the signal level is increased, k becomes larger, 
and the bunching distance becomes more nearly 
correct; therefore the amplification of the klystron 
increases. At some point, the bunching of the 
electrons takes place at the catcher grids, and the 
klystron operates at maximum gain. Further 
increases in k move the bunching distance away 
from the catcher grids again (still toward the 
buncher grids, by making V7/4k smaller) and 
reduce the amplification. Just as in a conven- 
tional feedback amplifier, the level of oscillation 
increases (and the loop gain decreases) until a 
stable operating level is reached with a loop gain 
of 1. Asan oscillator, the klystron operates well, 
seeking and maintaining a stable operating level. 
The klystron can be amplitude-modulated by 
changing the control grid voltage (which alters 
the number of electrons in the velocity-modulated 
beam). It also can be frequency-modulated by 
changing the acceleration voltage. Considerable 
interaction occurs between the two types of 
modulation, however, and neither type is com- 
pletely successful because there is no easy method 
of varying the phase shift through the feedback 
loop (the coaxial cable from catcher to buncher). 
In practice, the simple klystron has been displaced 


almost completely by the reflex klystron, which is 


smaller and simpler. 

g. Another Pownt of View. Before discussing 
the reflex klystron, it is desirable to look briefly 
at the simple klystron from another point of 
view that is slightly more complicated. Consider 
the resonant system, which consists of the two 
cavities (buncher cavity and catcher cavity) 
coupled by a coaxial cable. The discussion of the 
Barkhausen oscillator has shown that the accelera- 
tion of an electron absorbs energy from the reso- 
nant system, and that deceleration of an electron 
feeds energy to the system. The resonant system 
then absorbs energy from all electrons that pass 
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the catcher grids when the second catcher grid is 
less negative than the first. Because the velocity- 
modulated electron beam is bunched. by the time 
it reaches the catcher grids, almost all of the 
electrons arrive at times when they can feed 
energy to the resonant system, if the phasing be- 


tween the cavities is correct for the spacing and 


for the operating potentials; only a few electrons 
arrive at times when they absorb energy. Veloc- 
ity-modulating in the klystron is, therefore, 
equivalent to electron-sorting in the Barkhausen 
oscillator. On this basis, fast electrons, during 
acceleration, absorb energy from the buncher and 
feed it back to the catcher. Slow electrons, 
however, feed energy to both cavities. Successful 
operation of the klystron thus depends on the — 
proper relation between cavity tuning, cavity 
spacing, phase shift through the coaxial cable, 
electron velocity, and modulation level. It will 
be seen in the discussion in paragraphs 103-105 
that the reflex klystron is simpler, and this is its 
major merit. 


103. Reflex Klystron 


a. Description. A reflex klystron (figs. 184 
and 185) may be thought of as a simple klystron 
that has been folded back on itself so that one 
cavity acts as both buncher and catcher. Alter- 
natively, it may be considered as a type of Bark- 
hausen oscillator with a cavity resonator for a 
tuned circuit. It consists of a cathode and 
heater, a resonator cavity with two grids, and a 
reflector. In the type 723A/B, which is the usual 
X-band reflex klystron, the cavity is tuned by 
physical distortion. The cavity, as well as the 


body of the tube, is operated at ground. The 


cathode is negative, so that the first cavity grid 
serves as an accelerator and a control grid. The 
second cavity grid, on the side away from the 
cathode, modulates the electron beam. The 
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Figure 184. Reflex klystron, schematic view. 
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Figure 185. Reflex klystron, cutaway view. 


reflector is operated at a voltage slightly more 
negative than the cathode, and it serves to turn 
_ electrons back to the cavity. 

b. Operation. Operation of the ee hea 
depends on a proper relation between the cathode 
voltage, the reflector voltage, and the cavity 
tuning. Consider, for the moment, what happens 
to an electron that passes through the cavity 
grids at an instant when the second grid: is at the 
game potential as the first and is going negative. 


The electron is repelled by the reflector and finally 


is brought to rest. After this, its velocity is 
reversed, and it moves back to the cavity grids, 
passing through and rejoining the cloud of 
electrons about the cathode. 
passes through the cavity grids slightly earlier, 
when the second grid is positive, approaches the 
reflector at a higher velocity and takes longer to 
stop. The result is that it arrives at the cavity 
grids, following reflection, after a longer trip. 
Similarly, an electron that passes through the 
cavity grids later than the first electron con- 


sidered, when the second grid is negative, returns ~ 
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An electron that. 


reflector voltage. 


after a shorter trip. The result is a bunching 
process that is brought about by velocity modula- 
tion of the beam. Suppose, now, that a standard 
electron, which is not accelerated by the cavity 
erids, returns in % cycle. An electron that passes 

the grids earlier and is accelerated returns in more 


than % cycle. An electron that passes | the orids 
3/ 


later and is slowed down returns in less than % 


cycle. As a result, if the system is tuned cor- 
rectly, energy is delivered to the cavity, and the 
tube oscillates. 


c. Operating Modes. “he in the case of the 


simple klystron, it is possible for a reflex klystron _ 


to operate in a number of different modes. In the 


first mode, an ia as electron returns to — 


the cavity grids in % cycle. In the second mode, 
it returns after 1% ae In the third mode, it 
takes 2% cycles to return, and so on. The fe. 
quency is controlled almost entirely by the reflector 


voltage, if the cathode voltage is held fixed, and 


tuning the cavity puts the system in andi oit of 


oscillation. As with the simple klystron, the 
operating level is fixed by the fact that gain is 
reduced when the level of oscillation rises above 
that level for which bunching occurs at the cavity 
erids. The system seeks and maintains the level 


of oscillation at which the energy input to the 
cavity just balances the sum of the losses and the 


energy out to the electron beam and to the 
load. 


104. Modulation Techniques for Reflex Klys- 


trons 


a. Change in Reflector Voltage. 
flector is made more negative in relation to the 
cavity grids, the slowing force on the electrons is 
increased. Therefore, an electron passing through 
the cavity grids on its way from the cathode will 


return sooner, and the frequency of oscillation will © 


be raised. Of course, there is a limit to the 
amount of frequency change that can be obtained 
by changing the reflector voltage. If the cavity is 


tuned initially to resonance, it will be slightly out | 


of tune when the frequency is changed by variation 
of the reflector voltage. This will cause the output 
of the oscillator to drop. By the time the fre- 
quency has been shifted by about 20 or 30 mc per 
second, the power will have dropped to about one- 
half of the maximum value (obtained when the 
cavity is tuned). The frequency change is approxi- 
mately 1 me per second for a 1-volt shift in the 
This variation in frequency is, 


When the re- | 


Voltages. 


f 
f 


! 

; 
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of course, distinct from the change that can be 
made by changing the reflector voltage and retun- 
ing the cavity. In general, by changing the 


reflector voltage and retuning the cavity, a reflex 


klystron can be tuned over a range of about plus 
or minus 5 percent from the center of its operating 
band. By changing the reflector’ voltage, it can 


be frequency-modulated over a range of about plus 


or minus .5 percent of its operating frequency. 
Note, however, that the freqwency modulation is 


accompanied by some amplitide modulation when 
the frequency shift is accomplished by variation 


in the reflector voltage. , 

Ob. Change in Cathode Voltage. When the 
cathode is made more /negative in relation to the 
cavity grids, electrons/are accelerated more before 
reaching the grids. /Therefore, they take longer 
to return to the cavity grids, and the frequency is 
lowered. At the same time, however, the number 
of electrons in the/beam is racrenged so that the 
power output rises with decreasing frequency and 
falls with increasing frequency. The increase in 
the number of electrons in the beam, when the 
cathode is made more negative is iailar to the 


effect of an increase in the plate current of an 


ordinary tube when the plate is made more 
positive. 

c. Simultaneous Change vn Cathode and Reflector 
By changing both cathode and reflector 
voltages, although not by equal amounts, it is 
possible to achieve either amplitude or frequency 
modulation of a reflex klystron. If, for example, 
the cathode 1s made more negative, the power 


- output increases and the frequency decreases. A 


slight increase in the reflector voltage will return 
the frequency to the initial value, or will prevent 
a frequency shift if the voltage changes are made 
simultaneously, without affecting the change in 
power level. Similarly, if the reflector voltage is 
altered to frequency-modulate the klystron, a 
slight change in the cathode voltage will com- 


_ pensate for cavity detuning and hold the output 


level constant. 


ad. Pulsed Operation. The reflex klystron will 


_ hot operate if either the cathode or the reflector is 


at the same voltage as the cavity grids. It may, 
therefore, be pulse-modulated by applying nega- 
tive voltage pulses to either the cathode or the 
reflector. It is usual, in order to avoid frequency 
variation during pulses, to supply voltage pulses 
to both the cathode and the reflector.. Amplitude 
and frequency modulation of the pulsed output 


can be obtained by suitable modulation of the d-c 
pulses (negative) that are eae to these elec- 
trodes. | 


105. Applications of Reflex Klystrons — 


Reflex klystrons are used whenever microwave 
sionals at low-power levels are required. For 
example, microwave signal generators use reflex 
klystrons with electrical tuning, by variation in the 
reflector voltage, and with mechanical tuning, by 
tuning of the cavity. Microwave receivers, which 
are almost always superheterodynes, use reflex 
klystrons as local oscillators. It is usual to take 
advantage of the possibility of electrical tuning 
by adding afc (automatic frequency-control) 
systems. These are described in chapter 6, which 
deals with microwave receivers. Another in- 
teresting application, which makes use of electrical 
tuning, is the spectrum analyzer. This is a device 
that sweeps a band of frequencies and displays 
the signal level (at each frequency) on an oscillo- 
scope. The spectrum analyzer is nothing more 
than a narrow-band receiver the output of which 
is fed to the vertical deflection plates of an oscillo- 
scope. An external sweep generator feeds a signal _ 
to the horizontal deflection plates of the oscillo- 
scope and, at the same time, applies a saw-tooth 
voltage wave, superimposed on the fixed d-c 


voltage to the reflector of the klystron, which acts 


as a local oscillator for the receiver (fig. 186). The 
result is a picture on the oscilloscope screen in 
which frequency is shown on a horizontal scale 
(the horizontal deflecting voltage is also the tuning 
voltage for the receiver), and signal level at each 
frequency is shown on a vertical scale. 
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Figure 186. Spectrum analyzer. 
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Section IV. CAVITY MAGNETRONS 


106. Basic Theory of Multicavity Operation 


Before discussing cavity magnetrons, it is 
desirable to examine the behavior of some simpler 
systems which consist of several resonant cavities, 
such as the buncher and catcher cavities of a 
non-reflex klystron, and a single yetocHy anode 
lated electron beam. 

— a. Two-Cavity System. The two-cavity system 
(fig. 187) consists of two resonant cavities, both 
tuned to the same frequency, and an electron beam 
_ which passes through both sets of cavity grids. 
_ The figure does not show the source of the electron 
beam nor the evacuated envelope, since the system 


is of theoretical interest only. Suppose that the 


first cavity is excited at its resonant frequency by 
an external microwave power source connected to 

the coaxial input line. The electron beam will, 
of course, be velocity-modulated. If the system 


is adjusted properly, with correct electron velocity | 


and modulation level and correct spacing between 
. the cavities, the beam will be bunched at the grids 
of the second cavity. Under these conditions, 
the second cavity will resonate at the operating 
frequency, and a sizable signal will appear there. 
Also, the phase of the oscillation in the second 
cavity must be such that the bunched electrons 
are slowed down, for this is the only way that 
energy can be abstracted from the beam. Oscil- 
lation at any other phase either will be unaffected 
by the electron beam, if the bunched electrons pass 
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Figure 187. Two-cavity systems with electron-beam 

coupling. 
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through the cavity grids when both are at the same 
potential, or will deliver energy from the cavity 
to the beam, if the bunched electrons pass through 
the cavity grids at a time when they are acceler- 
ated. The electron beam, therefore, is able-to 


carry energy from the first cavity to the second. 


b. Two-Cavity System With Underbunching. 
Consider now what happens if the second cavity 
is moved toward the first. The electron beam 
then is underbunched at the grids of the second 
cavity; that is, bunching is not yet complete. 


Since there is partial bunching, the flow of elec- 


trons is not smooth, and the second cavity is able 
to absorb energy from the beam. The phase of 
the oscillation in the second cavity automatically © 
adjusts itself, by absorbing energy, so that the 
greatest possible number of electrons is slowed. 
The remaining electrons, which pass the cavity 
erids when the second grid is more positive than 
the first, are accelerated. The second cavity, 
therefore, slows down more than half of the elec- 
trons that pass through its grid, and accelerates 
less than half of them. The cavity, therefore, 


absorbs energy from the beam, reducing the aver- 


age velocity of the electrons in the process, since 
it slows down more electrons than it speeds up, 
and also adds to the velocity-modulation of the 
beam. | _ | 

c, Multicavity System. If a cavity system has 
more than two cavities, it is possible for each 
cavity, except the first one, to absorb energy from 
the beam and, at the same time, improve the 
velocity modulation of the beam for the next 
cavity. A small portion of the energy comes from 
the external source that feeds the first cavity. 
The greater part of the energy, however, is sup- 
plied by the electron beam source; each cavity 
reduces the average velocity of the electrons in 
the beam. Note that the system is extremely 
sensitive to adjustment, since the energy absorbed 
by each cavity depends: on the relation between 
bunching distance and spacing between cavities. 

d. Ring System. Suppose, now, that a number 
of resonant cavities, all tuned to the same fre- 
quency, are arranged in a ring (fig. 188). Assume, 
further, that a beam of electrons is made to travel 
in a closed loop that passes through the grids 
associated with each cavity. For the moment, 
the question of how the electron beam is made to 
take this path may be disregarded. Any rough- 
ness in the electron stream will cause one or more 
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Figure 188. Ring system of resonant cavities. 
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of the cavities to ring. This will modulate the 
beam, and energy will be delivered to all of the 
cavities. The microwave energy that is delivered 
to the cavities comes, as before, from the original 
velocity of the electron beam, and transfer of 
energy to the cavities results in a reduction of the 
average electron velocity. If matters can be ar- 
ranged so that a continuous supply of fast electrons 
is available, while slow electrons are removed from 
the system, energy will be abstracted from the electron 
_ stream and will appear im all of the cavities. (The 
energy in the cavities is, of course, r-f energy in 
the form of electric and magnetic fields.) The 
cavity magnetron operates in precisely this way. 


107. Description 


A cavity magnetron consists of a cylindrical 
anode in which a series of cavities are cut, a 
cathode, and a magnet. The magnet controls 
the paths of the electrons so that they travel in a 
more or less circular orbit. 3 

a. Anode. Figure 189 shows one of the more 
common magnetron anodes, a hole-and-slot type. 
All of the types of magnetron anode are basically 
similar. A is a view along the axis of the cylinder 
that shows only the main outline of the anode. 
The reason for the name is obvious at once, since 
each of the cavities consists of a cylindrical hole 
joined to the central space by a small slot. Al- 
though six cavities are shown, magnetrons with 
other numbers of cavities are not uncommon. 
B is a sectional view of the anode in perspective 
showing the cooling fins on the outer surface of 
the anode and also showing the coupling loop and 
coaxial line, which takes energy from one of the 


cavities to the microwave transmission system, 
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Hole and slot anode. 


Figure 189. 


elther waveguide or rigid coaxial line. There are 
no cavity grids. Instead, the electron beam is 
modulated by the field, which spreads out from 
the lips of the slot, as shown in figure 190. Other 
types of anodes are shown in figure 191. (A. 
shows a slot anode, B, a vane anode, and C, arising © 
sun anode.) Choice of one anode type over an- 
other is based largely on the problems associated 
with construction of the magnetron, since all 
types behave in the same way. 





ELECTRIC 
FIELD 
TM 673-548 
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Figure 191. Types of anodes. 


b. Cathode. The cathode of the cavity magne- 
tron is placed along the axis of the anode cylinder. 
It is usually indirectly heated, and is connected 
electrically to one of the heater leads so that only 
two leads are required for heater and cathode 
(fig. 192). Most magnetrons are used in_ pulse 


service, and the cathode emission during pulses is © 


in the neighborhood of 50 amperes, so a high- 
emission oxide almost always is used. It will be 
shown that many of the emitted electrons ulti- 
mately return to the cathode, and the energy that 
they give up contributes to the cathode heating, 
in the same way that the anode of a conventional 
vacuum tube is heated by the energy it absorbs 
from the electrons it receives. Because of this, 
the heater current is made high during warm-up 
of the equipment and is reduced during operation. 
In some high-power magnetrons, the heater even 
is turned off during operation, since the electrons 
captured by the cathode supply enough energy to 
maintain it at normal operating temperature. 
The magnetron never must be operated without 
allowing sufficient tume for the cathode to come to 
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Figure 192. Cathode of magnetron. 
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Typical magnetrons. 


Figure 193. 


operating temperature. If this precaution is not 
observed, the magnetron may be damaged. 
c. Magnet. The magnet of the cavity magne- 


tron usually is separate from the cathode and the 
anode, and the term magnetron normally is ap- 
plied to the cathode-anode structure and the 
inclosing envelope. In figure 198, the magnetron 
shown in A operates in the S-band and has an 
output connection suitable for feeding rigid 
coaxial cable. The magnetron in B operates in 
the X-band and has an output connection suitable 
for feeding waveguide. Figure 194 is a simplified 
view of the magnetron structure showing the 
direction of the magnetron field, parallel to the 
cathode. Figure 195 shows typical magnets 
(with keepers) used in conjunction with magne- 
trons. Some low-power magnetrons are con- 
structed with the magnet as an integral part of the 
structure. ‘These are called packaged magnetrons 
(fig. 196). | | 
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Figure 194. Direction of magnetic field, 


d. Care of Magnet. A magnetron magnet usu- 
ally is supplied with a keeper—a cylinder of soft 
iron which should be placed between the pole 
pieces of. the magnet whenever the magnetron is 
removed. It is necessary to resist the temptation 
to play with the magnet by bringing screw drivers 
and pieces of metal near, since this weakens it and 
will affect the performance of any magnetron that 
subsequently is used with it. Do not wear a 
wrist watch when working with a magnetron 
magnet, for even if it is of the nonmagnetic type 
it probably will be damaged. The poles of the 


“magnet normally are marked North and South and, — 


although the magnet may be placed around the 
magnetron in either position, one position may be 





Figure 195.- Magnetron magnets, 


preferable to the other. If such is the case, the 
magnetron will be marked, and it should be in-— 
spected for a notation of this sort before putting 
it In service. — | | 





Figure 196. Packaged magnetron. 
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108. Theory of Operation | 


The magnetron depends, for its operation, on 
the fact that the path of an electron is deflected 
when the electron moves at right angles to a mag- 
netic field. As a matter of interest, the same 
principle is used in every cathode-ray tube that 
has magnetic deflection (fig. 197). 







PATH OF 
ELECTRON 
BEAM 


DIRECTION OF 
| Ps MAGNETIC FIELD 


bids AS TM 673-555 
F igure 1 97. Magnetic deflection in cathode-ray tube. 


a. Paths of Electrons in Magnetron. Aside from 
the cavities in the wall of the anode structure, the 
magnetron may be considered as a cylindrical 
diode with a uniform magnetic field parallel to its 
axis. In the absence of the magnetic field, the 
magnetron would behave like any other cylin- 
drical diode; the electrons would travel radially 
from cathode to anode, as in figure 198. How- 
ever, a warning is inserted here: DO NOT OP- 
ERATE A MAGNETRON WITHOUT THE 


MAGNET IN PLACE. This would ruin the 


magnetron. In figure 199, A shows the effect of 
a moderate magnetic field on the electron paths. 
This field, however, is much too low for normal 
operation. 
the same direction by the uniform magnetic field, 


Note that the paths all are curved in — 
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Figure 198. Electron paths without magnetic field. 


which is perpendicular to the plane of the page. 
If this field is replaced by one in the opposite di- 
rection, the electron paths will resemble those 
shown in B. A stronger magnetic field, or a lower 


voltage between cathode and anode will lead to 


the paths shown in C, which are curved more 
sharply. When the correct relation exists between 
the magnetic field strength and the cathode-anode 
voltage, the electron paths are as those shown in 
A of figure 200. This is a rather idealized picture, 
since it neglects all interaction between the elec- 


trons and also neglects the effect of the cavities. — 


In practice, collisions between the electrons disrupt 
the simple path that runs from cathode to anode 
and back again. The actual path spirals outward 
so that the electrons ultimately are captured by 
the anode, as shown in B. — 

6. Operating Conditions. Although paths of the 
proper sort can be obtained with any anode volt- 
age if the appropriate magnetic field is used, or 


with any magnetic field if the correct anode volt- — 


age is used, the possibility of oscillation (transfer 
of energy from the electrons to the cavities) de- 
pends on the relations between electron velocity, 
which is a function of the anode voltage, spacing 
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Figure 199. Effect of moderate magnetic field on electron paths. 
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Figure 200. Electron paths with proper magnetic field. 


between the cavities, and resonant frequency of 


the cavities. The magnetron will, therefore, os- © 


cillate over only a relatively narrow range of 
magnetic field strengths and anode voltages. 
Figure 201 shows the relation between anode volt- 


age, anode current, magnetic field strength, and 


power output for a typical magnetron (2J50) op- 
erating near 9,000 me, in the lower part of the 
X-band. A graph of this sort is known as a 
performance chart. 4 

c. Effect of End Plates. Operation of the 
magnetron is not involved. Because of the mag- 
netic field, electrons pass by the resonant cavities 
and transfer energy to them. As electrons slow 
up, they are removed from the system by the 
anode. The picture is complicated, although only 





slightly, by the presence of the end plates. Figure 
202 is a simplified sketch of a magnetron, showing 
the end plates, which form a portion of the wall 
of the evacuated space. In practice, the body of 
the magnetron is operated at ground potential 
and the cathode is anywhere from 10,000 to 50,000 
volts negative. In pulsed operation, negative d-c 
pulses are supplied to the cathode by a high-power 
pulse generator called a modulator. A voltage 
difference, therefore, exists between the cathode 
and the end plates, and some of the electrons 
wander off to the end plates without delivering 
much energy to the cavities. Changing the posi- 
tion of the end plates alters the electron paths and 
also, to some extent, changes the resonant fre- 
quencies of the cavities. Advantage is taken of 
this fact in tunable magnetrons, whose operating 
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Figure 201. Variation of power output and anode current 
with change in magnetic field strength and anode voltage. 
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Figure 202. Effect of end ‘plates on electron paths. 


frequency can be varied by about 10 percent 
through distortion of the end plates. 

d. Models of Operation. It is possible for a 
magnetron to operate in a number of different 
modes. In the case of a six-cavity magnetron, 
for example, the phase difference between adjacent 
cavities may be 60°, in which case the sum of the 
six phase-differences is 1 cycle. If the phase 
difference is 120°, the sum is 2 cycles; or if 180°, the 
sum is 3 cycles. Similarly, in an eight-cavity 
magnetron, the phase difference between adjacent 
cavities may be 45°, 90°, 185°, or 180°. 
desired mode is the one with phase differences of 


180°, and other modes frequently are suppressed 


by means of strapping. The strapping for a six- 
cavity hole-and-slot anode is illustrated in figure 
203, with A showing an end view of the straps, 
and B showing a perspective view. The straps 
simply connect corresponding points on adjacent 
cavities. Since the straps have an electrical length 
of 1 half-wave, a phase difference of 180° is assured. 
Only one lip of each cavity is shown strapped in 
A, but the other lips are strapped at the other 
end of the anode (not shown). Other strapping 
arrangements are possible, of course, and all the 
straps may be at one end of the anode, or there 
may be a complete set of straps at each end. A 
magnetron of this sort is called a strapped mag- 
netron. 

é. Frequency Pulling. In view of the complex 
nature of the magnetron oscillator, 


output vary when the load impedance is changed. 
Unfortunately, the variation in frequency for a 
given change in load is greatest when the load is 
adjusted for maximum power output from the 
magnetron (the input being held constant). It is, 
therefore, customary to adjust the load for a 
minimum VSWR at the magnetron rather than 
for maximum magnetron output. A graph of 
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it is not 
surprising to find that both frequency and power 
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Figure 203. Strapped anode. | 


power output and frequency as a function of 
VSWR usually is called a Rieke diagram, shown — 
in figure 204 for a 2J50 magnetron. Since the 
power output and frequency for a given VSWR 
may take on any of the values on the corresponding — 
VSWR circle, the only way of achieving repro- 
ducible operating conditions is to tune the trans-_ 
mission system for minimum VSWR at the mag- 
netron. 

jf. General. Magnetrons are available os sizes 
up to 1,000 kilowatts output for pulse service 
with a duty cycle of about. 1/1,000 (in operation 
only 1/1,000 of the time). Higher duty cycles, 
and even continuous operation, are available in 
lower-powered magnetrons. In general, as the 
operating frequency is increased, the structure of 
a magnetron must be made smaller. The cor- 
responding reduction in heat dissipation ability 
lowers ‘the available power output. Most mag- 
netrons operate with efficiencies of approximately 
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_ Figure 204. Rreke diagram. | 


35 percent, and, consequently, any reduction in- 


dissipation capability has a marked effect on the 
power input that can be used, and on the power 
output. It is, therefore, important to make sure 
that blowers or other cooling systems are operat- 
ing properly. Magnetrons can be modulated by 
variation of the anode voltage, but this results in 
both amplitude and frequency modulation and is 
generally unsatisfactory. For this reason, various 
forms of pulse width and pulse position modula- 
tion are used in high-power microwave systems 
which use magnetrons. Considering, now, the 
problem of stability rather than of modulation, 


most magnetrons are stable to better than one- 


half of 1 percent in frequency with variation in 
load. There are various methods of achieving 
ereater stability through the use of external high-Q 
cavities, but these seldom are used. Microwave 
receivers are inherently broad-band in any event, 
and slight frequency variation in a microwave 
transmitter can be tolerated. If necessary, the 
receiver can be provided with an automatic fre- 


quency control system (ch. 6), so . that it folldts 
the transmitter through most variations in 
frequency. 


109. Summary 


a. Although there are a number of types of 
oscillators, most of these are variants of the basic 
feedback oscillator, which consists of an amplifier — 
with a feedback loop from its output to its input. 
The operating frequency. of a feedback oscillator 
is one for which the phase shift around the whole 
loop is 1 cycle. The operating level is one for 
which the gain around the. whole loop is exactly 
one. 

b. In most stallion using conventional tubes, 
interelectrode capacitance and transit time jit 
the frequencies that can be reached. These 
limits have been raised by special construction, 
good examples of which are acorn tubes, light- 
house tubes, and micropups. 

c. The Barkhausen oscillator is the only circuit 
using conventional tubes in which energy is 
transferred to the resonant circuit by separate 
electrons rather than by the electron stream as a 
whole (acting in a conventional amplifier). _ 

d. Special techniques have been developed for 
microwave oscillators, and two classes of micro- 
wave oscillators have appeared—low-power oscil- 
lators (klystrons) and high-power oscillators 
(magnetrons). No high-power amplifiers are 
available at microwave frequencies. Both kly-. 
strons and magnetrons make use of velocity 
modulation, in which electron velocity in a stream 
of electrons is altered. 

e. There are two basic types of klystron, the 
simple klystron, with buncher and catcher, and. 
the reflex klystron, using only one cavity. Of 
these, the simple klystron is nearly obsolete. 
The reflex klystron may be operated in either cw 
(continuous wave) or pulse service and can be 
easily amplitude- or frequency-modulated. 

f. A magnetron is, essentially, a multicavity 
velocity-modulated system in which electrons are 
forced into circular paths by means of a magnetic 
field. Although magnetrons may be operated 
cw, most of them are used in pulse service with | 
duty cycles of approximately 1/1,000. Some 
magnetrons may be tuned, and all magnetrons 
are subject to slight variation in frequency by 
change in magnetic field strength or by change in 
anode voltage. In addition, they are subject to 
frequency pulling by variation in load impedance. 
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Amplitude and frequency modulation of mag- 
netrons usually are not used, pulse width and 
pulse position modulation being preferred. 


110. Review Questions 


a. Is there a satisfactory method of amplifying 
microwave signals at low power level? 

b. Is a klystron used for low- or high-power 
transmission ? 

—¢. What are the usual components of a micro- 
wave transmitter using a magnetron oscillator ? 

d. What is the chief difference between a con- 
ventional vacuum tube and a _ klystron or 
magnetron? 

e. What is the basic characteristic of a feed- 
back oscillator ? 

f. Explain the difference between a velocity- 
modulated vacuum tube and a conventional one. 

g. What is the name of the graph commonly 


used to show the behavior of a velocity-modulated 


beam of electrons? 
. What is bunching? 
What are the four basic parts of a simple 
es 
jy. Of what is the beam source of a ecystren 


composed ? | 


k. How is the electron beam velocity adjusted 
in a klystron ? 


l. What is the purpose of the catcher in a 


klystron? 
m. What is ase to feed energy fate from the 
catcher.cavity to the buncher cavity in a klystron? 
nm. When the distance between buncher and 
cavity is 8VT/4K, in what mode is a a yalion 


7 eS ? 


_ Why is it generally not feasible to operate 

a oe klystron in the fourth mode? 
p. Why is a klystron valuable as an pam 
but of little use as an amplifier? : : 
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g. What distinguishes a reflex klystron from a 
simple klystron ? | 

r. By what four means may a reflex klystron 
be modulated ? | 

s. What are the three basic parts of a cavity 
magnetron ? 
 ¢. What function has the magnet in a cavity 
magnetron ? 

u. What are the three types of cavity mag- 
netrons ? 

w. May a magnetron be operated before it has 
come to operating temperature ? 

w. What is a keeper? 

z. Why should pieces of metal be kept away 
from the magnet of a magnetron? 

y. May a magnetron be operated without its 
magnet? 

zg. On what three factors does oscillation in a 
magnetron depend ? 

aa. What effect in a magnetron does change in 
the position of the end plates have? 


ab. What phase differences does the desired — 


mode in a magnetron have? 

ac. What is the purpose of strapping in a 
magnetron ? 

ad. What is the electrical iensth of a strap? 

ae. Is a magnetron load adjustment usually 
made for minimum or for maximum VSWR? 

af. What is the graph of magnetron power out- 
put and frequency as a function of VSWR? 


ag. Where is a magnetron transmission system 


tuned ? | 

ah. What primarily limits the operating effi- 
ciency of a magnetron ? 

ait. Why is it important that blowers or other 
cooling systems attached to a magnetron system 
be operating properly ? 

aj. What is the approximate operating effi- 
ciency of most magnetrons ? 
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following discussion. 


CHAPTER 6 
-MICROWAVE RECEIVERS 





Section |. RADAR 


111. Introduction 


Almost all radar receivers are of the: super- 
heterodyne type, shown in figure 205. Incoming 
signals are passed through an r-f section, which 
may or may not contain an r-f amplifier, to a 
frequency converter section. 
are converted, by heterodyning with the output 
of. a local oscillator, to a lower frequency called 
the intermediate frequency. The i-f (intermediate- 
frequency) output of the frequency converter is 
amplified in an i-f section and then passed to a 
suitable detector, which is followed by appropriate 
video amplifiers. Since this manual is concerned 
only with microwave techniques, rather than with 
radar techniques in general, many aspects of radar 
receivers are touched on only lghtly in the 
Further information may 
be found in the following manuals: TM 11-665, 
which deals with a-m (amplitude-modulation) 
equipment and techniques; TM 11-668, which 
deals with f-m (frequency-modulation) equipment 
and techniques; TM 11-672, which deals specif- 
ically with pulse techniques. The output of the 
radar receiver usually is shown on some sort of 
display equipment, discussed in TM 11-671, and 
also may be used to control automatic tracking 
equipment of the type described in TM 11-674. 
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112. Frequency Conversion 


The heart of a superheterodyne receiver is the 
frequency converter, which receives signals at the 
operating radio frequency and delivers an output 
at the intermediate frequency. The frequency 
converter consists of a nonlinear element, or cir- 
cult, called a mixer, and a source of unmodulated 
signals, at a frequency close to that of the incoming 
signals, called a local oscillator. At vhf and lower 
frequencies, both the mixer and the local oscillator 
are conventional vacuum tubes. At medium and 
low frequencies, the mixer and the local oscillator 
sometimes are combined in a circuit which uses 
only a single vacuum tube. Such a circuit is | 
known as a converter. . 

a. Mixer. The mixer may be any nonlinear 
circuit which is capable of operation at the fre- 
quency in use. (A nonlinear circuit is one in 
which the output is not proportional to the input.) 
When a single signal, of amplitude A and of fre- 
quency f, is passed through a nonlinear circuit, 
the output contains not only the input frequency, 


Jf, but also harmonics of the input, having frequen- 


cles 2f, 3f, 4f, and so on, and some de. When 
two signals, of amplitudes A; and A, and frequen- 
cies f,; and fs, are fed to a nonlinear circuit, the 
output contains de and harmonics of both of the 
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Figure 205. . Superheterodyne receiver. 
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- input signals, at frequencies 2/,, 3f;, 4/1, and so 
on and 2f2, 3f2, 4f. In addition, the output con- 
tains signals at frequencies (f:+f2), (f1—/so), 
(Qf: +2), (2f:—fe), i +2f2), Gi—2f2), and so on. 
The fact that some of these differences lead to 
negative values is not important, since a signal of 
frequency (f:—f2) and a signal of frequency 
(f2—f:) are essentially the same. The important 


component of the output, from the standpoint of » 


frequency conversion, is the signal having a fre- 
quency (f;—f2), and this signal has an amplitude 
proportional to (A,A;) if the mixer is designed 
properly. In an S-band receiver, for example, one 
of the signals may be at a frequency of 3,000 mc 
per second (the frequency of the incoming signal) 
with an amplitude P, which is proportional to the 
amplitude of the incoming signal. The other in- 
put to the mixer is the output of the local oscillator, 


which has a frequency of 2,970 me per second and 


a constant amplitude, K. The desired component 
of the output has an amplitude proportional to 
(KP) and a frequency of (3,000—2,970) me per 
second. This is, of course, a signal at a frequency 
of 30 mc per second (the intermediate frequency). 
Since K is constant, the signal has an amplitude 


proportional to that of the incoming signal. In — 


other words, the incoming signal is reproduced 
(although usually at a higher level) at a frequency 
2,970 me per second lower than its original fre- 
quency. Some amplitude-modulation detectors 
operate in the same way, using the constant- 
_ amplitude carrier and the variable amplitude side- 
bands. For this reason, a mixer or converter 
sometimes is called a first detector, whereas the 
- actual detector is called the second detector. ° 

b. Crystal Mixers. The usual mixer used at 
microwave frequencies is a crystal mixer. This 
consists of a thin wire, called a cat’s whisker, which 
makes contact with a small piece of silicon or 
germanium. The arrangement is shown in A of 
figure 206, with the packaged mixer shown in B. 
The nature of the metal, either silicon or ger- 
manium, is such that relatively few electrons are 
available for current carrying. Such a metal is 
called a semiconductor. Although it is easy to 
inject electrons through the cat’s whisker, it is 
difficult to take them out in any sizable quantity 
because of the small area of contact. The result 
is that such a crystal passes current easily from 
the metal to the cat’s whisker and with difficulty 
in the opposite direction. Current flow is in the 
opposite direction from electron flow; current in a 
vacuum tube flows from anode to cathode, whereas 
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Figure 206. Crystal mixer. 


electrons travel from cathode to anode. The 
current-voltage relationship for a crystal mixer is 
shown in figure 207. For applied voltage in the 
backward direction, the current is proportional 
to the voltage, and it is very small. For a large 
applied voltage in the forward direction, the cur- 
rent is approximately proportional to the voltage, 
but for a small forward voltage, the current. is 
proportional to the square of the applied voltage. 
The curved portion of the characteristic, where 
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Figure 207. Voltage-current relationship in crystal mizer. 
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double purpose of protecting the 


the voltage-current relation is nonlinear, is used 


hr ng ; [he g CL l construction of a wave- 


senda tec uoney oonverter (local oscillator and 
mixer) is shown in A of figure 208, with the 


equivalent circuit in B. The method of mount- 
ing the crystal mixer is shown clearly in the 
figure. A coaxial line frequency converter (used 


only on S-band) is shown in A of figure 209, and ~ 


the equivalent circuit is illustrated in B. 
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Figure 208. Waveguide frequency converter. 


ce. Care of Crystal Mixers. Since a crystal . 


mixer is damaged easily by overloading, it usually 
is supplied in an envelope of thin metal—fre- 
quently lead foil. The envelope serves the 
‘mixer from 
moisture and shielding it from strong electric 
fields which might burn it out. en installing 
a crystal mixer, touch the crystal mount with one 
finger just before inserting the crystal. This dis- 
charges any static electricity that may have been 
generated, possibly by friction between shoe soles 
and floor and guarantees that there will not be a 
short pulse of high voltage across the crystal. 

d. Other Mixers. Reference to figure 207 shows 
that the voltage-current relation |for a crystal 







mixer is the same as that of a diode (the crystal 
mixer often is called a crystal rectifier or crystal 
diode). The same sort of crystal is used as a 
microwave detector, or rectifier, in connection 
with slotted line sections and directional couplers 
which are described in chapter 3. Any other 
diode may be used as a mixer, although pentagrid 
mixers are used at lower frequency because they 
amplify the signal in addition to shifting its fre- 
quency. The difficulty with most diodes is that 
the anode-cathode capacitance completely by- 
passes the diode at microwave frequencies. 


Aside from crystal mixers, the only mixer of any 


importance for operation at microwave frequencies 
is the lighthouse diode type 559. This is shown 
in figure 210. The two signals, r-f input and 
local oscillator input, are fed through the diode 
to the i-f load. The section of transmission line 
consisting of the anode sleeve and the cathode 
sleeve is a tuning impedance which resonates the 
diode capacitance, at the r-f frequency. The 
section of line consisting of the cathode sleeve 
and the outer conductor acts as an r-f bypass 
capacitor in parallel with the i1-f load. Mixers of 
this sort, however, seldom are used. The crystal 


mixer is both smaller and simpler. | 


e. Local Oscillators. The usual local oscillator 
is a reflex klystron. Less frequently, and only 
on the S-band, a simple klystron is used. Occa- 
sionally, also on the S-band, a lighthouse local 
oscillator is used together with a lighthouse diode 
mixer. The lighthouse oscillator is discussed in 
chapter 5. | 

f. Frequency Converter Assemblies. A complete 
frequency converter assembly, consisting of a TR 
switch, local oscillator, crystal mixer, and appro- 
priate tuners, frequently 1s made as a single unit. 
A shutter seals off the crystal. When the equip- 
ment is turned on, the shutter is withdrawn by a 
solenoid after the TR switch is energized. The — 
crystal mixer, therefore, is protected at all times, 
either by the shutter or by the TR switch, against 
damage by excessively strong signals. 

g. Radar Beacons. In many applications, par- 
ticularly in airborne operation, a single radar is 
used both for search and as a navigational instru- 
ment. Navigation information is obtained by 
interrogating radar beacons or racons. A racon is 
nothing more than a transmitter and a receiver. 
connected in such a manner that the transmitter 
sends out a distinctive signal, or a series of signals, 
whenever the receiver picks up an interrogating 
signal (fig. 211). The racon receiver listens on 
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Figure 209. Coaxial line frequency converver 


the frequency normally used by the search radar. 
The racon transmitter, however, replies on an- 
other frequency so that its signal easily may be 
distinguished from the normal radar echoes. 
Many search radar receivers are required to 
operate on either of two frequencies, one for 
search operations, the other for racon navigation. 
h. Search-and-Beacon Frequency Converter As- 
sembly. Frequency converter assemblies some- 
times are designed for operation on cither of two 
frequencies. They differ from the simpler con- 
verter assembly described above by having two 
local oscillators. One is tuned for normal search 
operation, the other is tuned for reception on the 
racon band. Tuning from one frequency to the 
‘other is, then, a simple matter of turning one 
klystron off and turning the other on. For sim- 
plicity in tuning, a two-frequency assembly of 
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this sort usually is provided with two crystal 
mixers and two TR switches as well as two sets of 
tuning devices. 


113. Preselection 


In a superheterodyne receiver, the r-f amplifier, 
if used, is called-a preselector. At frequencies 
below the microwave region, it is customary for 
high-performance receivers to employ one or two 
stages of preselection in order to improve image 
rejection and receiver sensitivity, and to elim- 
inate local oscillator radiation. At microwave 
frequencies, however, preselectors are used only 
in the S-band, and then only rarely. 

a. Image Rejection. Consider a superhetero- 


dyne receiver designed to receive signals at a 
frequency f,, which uses an intermediate fre- 


quency fz. If the local oscillator frequency is to 
| be lower than that of the incoming signals, the 
| R-F AND LOCAL oscillator will be tuned to a frequency (f:—f2), 
ee as in A of figure 212. 


The difference between the 
frequency of the incoming signals and that of the 


local oscillator is, then, f,—(f/i—f2), or fo. The 
mixer will, however, deliver an output at the 
intermediate frequency f, if there is an incoming 
sional at the wmage frequency (f:,—2f2), for the 
difference, (f:—f2) — (fi—2f2), is also equal to the 

intermediate frequency. The local oscillator is 

also operated at a frequency higher than that of © 
the incoming signal, in which case the local oscil- 

lator is tuned to a frequency (f:+/2), as in B. 
Here, the image frequency is (f:+2f2). There is, 
then, an image frequency which is separated from 


the desired operating frequency by twice the 
intermediate frequency. 
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Since the mixer will 
deliver an output at the intermediate frequency 


with an input at the desired frequency or with an 
input at the image frequency, all portions of the 
receiver after the mixer will treat signals at the 
image frequency in precisely the same way that 
they treat signals at the desired operating fre- 
quency. The only way of rejecting signals at the 
image frequency is by means of tuned circuits 
ahead of the mixer. The mixer input normally is 


tuned to the operating frequency j;, and this 
offers some image rejection. 


The insertion of 
iH | additional tuned circuits associated with one or 
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two stages of amplification, at the r-f frequency 
Fi, offers greatly increased rejection of eu at 
the image frequency. 
TM ETO Fee b. Receiver Sensitivity. inc superheterodyne 
Figure 210. Lighthouse diode. receiver, the output level for a given signal input 






INTERROGATION SIGNAL 
ON RADAR SEARCH FREQUENCY 


RESPONSE ON 
RACON FREQUENCY 





TM 673 - 608 
Figure 211. | 


Beacon operation. 





139 | 





















INPUT OUTPUT 
AT EL AT fp 
LOCAL bec 
fe 
A 
Figure 212. 


is set by the over-all receiver gain—by the 
amplification in the preselector, mixer, inter- 
mediate-frequency amplifier, and the audio or 
video amplifier. The selectivity, or ability to re- 
ject signals at frequencies just outside the desired 
bandpass, is determined by the number of tuned 
circuits in the intermediate-frequency amplifier. 
Image rejection is determined by the number of 
tuned circuits in the preselector. The receiver 
sensitivity, however, depends on the equivalent 
noise input at the first stage of the receiver. 
Every electrical circuit is troubled by noise. In 
a circuit like a crystal mixer, the noise results 
from random motion of the electrons in the con- 
ductor. In a vacuum tube, the noise results from 
roughness in the electron stream as well as from 
random electron motion in the conductors of the 
grid circuit. On this account, every receiver has 


some output even when no signal is received from | 


the antenna. Suppose that, for a given receiver, 
this output averages 10 volts when the receiver 
is connected to a 100-ohm load. This is, of course, 
equal to 1 watt. If, now, an input signal of 5 
microvolts raises the output voltage to 14 volts, 
which indicates a power output of about 2 watts, 
the signal power output and the noise power out- 
put are equal. The receiver noise, therefore, may 
be considered as the equivalent of a 5-microvolt 
signal, since it develops the same power at the 
receiver output. 
detecting signals that are well below the level of 
the background noise, it is clear that the minimum 
usable signal is related to the equivalent noise 


input, since any reduction in the noise level will 


allow detection of weaker signals. A preselector 
improves the sensitivity of a receiver (in general) 
because it has a lower equivalent noise level than a 
mixer, although this is not always true. Assume, 
for example, that a given receiver has an equiva- 
lent noise input of 5 microvolts, and that a pre- 
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selector with a gain of 10 and an equivalent noise 
input of 2 microvolts is inserted ahead of the 
recelver. 
mixer will be the original noise, equivalent to a 
5-microvolt signal, plus the preselector noise 
which, after amplification, is equivalent to a 20- 
microvolt signal. Then, at the mixer, the level of 
the amplified preselector noise is 4 times as great 
as that of the mixer noise, and the power in the 
amplified preselector noise is 16 times as great as 


the power in the mixer noise. The mixer noise is, 


therefore, relatively unimportant and the equiva- 


lent noise input of the receiver is that of the 
preselector, or 2 microvolts. 


c. Local-Oscillator Radiation. Whenever a mixer 
is connected directly to the transmission line from 
an antenna, it is possible for some of the signal from 
the local oscillator to travel along the same 
transmission line to the antenna, where it is 
radiated and may cause interference with other 
equipment. The insertion of an r-f amplifier in 
the line between the antenna and the mixer 
eliminates this possibility, since the amplifier will 
carry signals from the antenna but not to the 
antenna. : | 

d. Microwave Preselectors. Preselectors are not 
used at microwave frequencies in the X- and K- 
bands, since there is no practical method of 
amplifying signals at these frequencies. It is pos- 
sible to use a simple klystron (not a reflex klystron) 
as an r-f amplifier at S-band frequencies, but this 
seldom is done because the equivalent noise input 
of the klystron is higher than that of the crystal 
mixer. The only effective preselector is a light- 
house tube amplifier and even this is seldom used, 
because it offers little advantage. 

e. Grounded-Grid Amplifiers. When a light- 
house tube is used as an r-f amplifier at S-band 
frequencies, it is used in a grounded-grid circuit. 
The grid is grounded, the input signal is developed 


With the preselector, the noise at the 


between cathode and ground, and the output 
signal appears between plate and ground. Con- 
sider the amplifier shown in A, figure 213. This 
is a conventional circuit, except for the fact that 
the grid-cathode capacitance, C,,, and the grid- 
anode capacitance, C,,, are shown on the drawing. 


Suppose, for a moment, that the grid voltage is 


raised slightly. It is, of course, necessary to 
charge capacitor C,, by delivering current from 
the driving source. If the anode potential re- 
mains fixed, capacitor O,, must be charged from 
the same source, since the plate load is a high 
impedance for signal frequencies. The effective 
input capacitance of the tube is, therefore, the 
sum (O,,+C,). That is, the circuit behaves 
exactly as though a capacitor of value (C,,+0ja) 
were connected from grid to ground. In fact, 
when the grid is made more positive, the anode 
moves in the negative direction A times as far, 
where A is the amplification of the stage. The 
voltage change across the grid-anode capacitance 
is, therefore, (1+ A) times as great as the voltage 
change at the grid, and it requires (1+ A) times 
as much charging current as it would if the plate 
voltage did not change. It behaves, in short, 
like a capacitance A times as big as C,, connected 
between grid and ground. 


Suppose, now, that the grid is grounded, as shown 
in B, figure 218. When the cathode is made more 
positive, it is still necessary to charge capacitor 
C,-. The grid-anode capacitance, however, now 
is charged entirely through the plate load circuit. 
The cathode anode capacitance must be charged, 
but this is much smaller than the grid-anode 





A 


The equivalent input 
— capacitance of the circuit is, then (C,,+CjgtACja) 


capacitance. In addition, if the cathode is made | 
more positive, the plate also moves in the positive 
direction. With a gain of 1, both plate and 
cathode move through the same voltage change, | 
and no charging current is required for CO... With 
oreater gain, a negative charging current is re- 
quired, so that the current to charge C,, is ob- 
tained, in part, from (.,. The resulting equiva- 
lent input capacitance is, then, only (C,.+C.a— 
AC a), and may be reduced nearly to zero. A 
typical grounded-grid lighthouse amplifier is 
shown in A of figure 214, with the equivalent 
circuit in B. The amount of noise in a receiver 
depends largely on the noise originated by non- 
uniformity in the electron flow in the first tube. 
If r-f amplification is used, this tube is the first 
r-f tube. Otherwise, with a crystal mixer, it is 
the first 1-f tube. Instead of giving the equivalent 
input noise, it is sometimes convenient to compare — 
the equivalent noise power input of the receiver 
with the noise power contributed by the antenna, 
which results from random motion of the electrons 
in space near the antenna. A novse figure of 1 
would indicate that the receiver contributed no 
noise of its own. In practice, noise figures of 35 
to 100 are usual. Except at the very lowest 
microwave frequencies, the noise figure for a_ 
receiver with an r-f amplifier is likely to be higher 
than that for the same receiver with a crystal 
mixer. For this reason, preselectors-seldom are 
used even at the low microwave frrequencies 
where the required r-f amplifiers can be con- 
structed. As stated above, preselectors are. not 
used on the X- and K-bands because no r-f 
amplifiers are available. 
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Figure 213. Conventional and grounded-grid amplifier circuits. 
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Figure 214. _Grounded-grid lighthouse amplifier. 


114. Intermediate-Frequency Amplification 


The intermediate-frequency amplifier of a radar 
receiver is much like any other i-f amplifier. The 
only specific requirement is that of bandwidth. 
For conventional, or pulse-type radar, it is cus- 
tomary to have a bandwidth of 3/d mc per second 
in the intermediate-frequency amplifier, where d 
is the pulse width in microseconds. Most search 
radars use pulse widths of approximately 1 micro- 
second, and adequate bandwidth can be obtained 
with an intermediate frequency of 30 mc per 
second. ‘Tracking radars, in general, use shorter 
pulses and usually operate at an intermediate 
frequency of 60 mc per second. These two fre- 
quencies have become more or less standard for 
vhf and microwave operation, and other inter- 


142 


mediate frequencies seldom are encountered. 
Radar beacon receivers, which must pick up all 
interrogating pulses whether or not the inter- 
rogating transmitters are operating at the proper 
frequency, normally use an intermediate frequency 
of 60 mc per second in order to achieve greater 
bandwidth. | 

a. Bandwidth and Noise. As the bandwidth of 
a receiver is increased, the noise output also in- 
creases. The equivalent noise input, therefore, 
is proportional to the bandwidth. In a search 
radar, the basic problem is the detection of targets 
through the background of noise. The bandwidth 
is, consequently, reduced as far as possible in 
order to minimize the equivalent noise input. 
There is, however, a limit below which the band- 
width cannot be reduced without impairing the 
performance of the receiver. With a bandwidth 
of 1/d, signal pulses and noise pulses are similar 
in appearance, and it is difficult to decide whether 
a small receiver output is the result of noise or of 
a weak signal. The customary bandwidth of 3/d 
passes more noise power than does a bandwidth 
of 1/d, but it also makes echoes more distinguish- 
able from noise. With tracking radars, the 
basic problem is the precise determination of range 
and, in some cases, echo amplitude. Since track- 
ing radars operate at relatively short ranges and, 
therefore, with relatively strong signals, the band- 
width frequently is increased to 5/d in order that 
echo signals may have sharper fronts. This, of 
course, permits the target range to be determined 
with greater precision. | 

b. Coupling From Mixer to I-F Amplifier. The 
usual method of coupling to the intermediate- 
frequency amplifier is by means of coaxial cable 
from the mixer. The coaxial line is terminated 
in its characteristic impedance by a link inductively 
coupled to the tuned circuit at the grid of the first 
i-f amplifier tube (fig. 215). Other coupling 
methods also are used. A meter, with a bypass 
capacitor shunting it, frequently is inserted in 
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Figure 215. Coupling io 1-f amplifier. 
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the circuit at the point marked X in order that 
the crystal current may be read. The meter 
serves as a convenient indicator for adjustment of 
the level of the local oscillator. Usual crystal 
currents are something less than 1 milliampere. 


115. Detection and Amplification 


The method: of handling the output of the inter- — 
-mediate-frequency amplifier differs with different 


types of radar receivers. Detection and sub- 
sequent treatment of the signal in a number of 


types of receivers are described briefly in a through 
f below. : 


a. Pulse-Type Radar. 
(1) In a pulse-type radar system, the trans- 


mitter sends out a series of short pulses 


of energy. These are reflected from any 
targets in view, and echo pulses are 
returned to the radar receiver. The 
receiver, accordingly, listens for echo 
pulses during the intervals between the 
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Figure 216. Lobe-switching system. 





transmitted signals. The range of a 
given target is determined by noting the 
time interval between transmission of an 
outgoing pulse and arrival of the corre- 
sponding echo from the target in ques- 
tion. The direction of a given target is 
determined by noting the direction from 
which the echo pulses arrive. The 
simplest method of determining target 
direction involves the use of a highly 
directional antenna, for both transmis-— 
sion and reception. The echo from a 
given target, then, is seen only when the 
antenna is oriented so that the target lies 
in the beam. A more complicated 
method of determining target direction © 
in a single plane involves rapid shifting 
of the radiation pattern back and forth 
through a small angle. Figure 216 shows 
the operation of such a system, known as 
a lobe-suitching system. The radar 
alternately transmits and receives with 
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the left-hand pattern and with the right- 
hand pattern, the pattern being switched 
several times each second. Obviously, a 
target at X will return a stronger echo 
when the radar is operating on the left- 
hand pattern than when it operates on 
the right-hand pattern. For a target at 
Y, the situation is reversed, and the 
stronger echo is returned during opera- 
tion on the right-hand pattern. For a 


target at Z, in the center of the pattern 
system, an echo of constant strength is 


returned, since the target 1s Just as far 
from the center of the left-hand pattern 
as from the center of the right-hand 


- pattern. 
(2) For operation in three dimensions, a 


conical-scanning system is used. Here 
the beam is swept around the surface of 
a narrow cone, as shown in figure 217. 
A target on the axis of the cone will 


return an echo of constant strength. A 


target that is off the axis of the cone will 
return an echo which is amplitude- 
modulated at the conical scanning fre- 


quency, usually 30 cycles. The amount 


of modulation shows how far the target 
lies from the axis of the scanning cone, 
and the phase of the modulation, relative 
to the phase of the scanning motion, 
shows the direction in which the target 
lies. In both lobe-switching and conical- 


- scanning systems, it 1s necessary to con- 


sider the percentage of modulation rather 
than the actual modulating signal. A 
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nearby target slightly off the center of. 
the pattern will return a strong echo 
with a moderate amount of modulation. — 
A distant target far off the center of the 
pattern will return a weak echo with, 
possibly, the same amount of modulation 
but with a higher percentage of modula- 
tion. The modulation itself may be used 
as an indication of how far the target lies — 
from the center of the pattern only after 
the average echo strength has _ been 
brought to some standard level. 

b. Search Radar (Pulse-Type). In a search 
radar, it is desirable to examine all echoes. The 
output of the intermediate-frequency amplifier is, 
therefore, detected in a conventional amplitude- 
modulation detector. Following this, the signal is 
amplified in a video amplifier and sent to a suitable 
display system where it may be observed by an > 
operator. The display system normally involves — 
a cathode-ray tube and is one of the several types 
of displays described in TM 11-671. 


c. Tracking Radar (Pulse-Type). In a track- 


ing radar, the output of the intermediate-fre- 


quency amplifier is detected, as in the case of a 
search radar, and amplified in a video amplifier 
to some convenient level. At this point, the 
desired echo is selected by means of a gated 
amplifier controlled by a range gate. An amplifier 


of this sort is shown in figure 218. The tube 


normally is cut off by the negative bias applied to 
orid 1. At an appropriate time after transmission 
of the outgoing pulse, the range gate signal arrives 
at grid 1 and momentarily overcomes the negative 
bias. The tube does not conduct, however, 
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Figure 217. Conical scan system. — 





SCREEN 
SHGNAL SUPPLY 
nae 
SIGNAL 
NEGATIVE 
BIAS — 
. - TM 673-616 


Figure 218. Gated amplifier. 


unless a signal arrives at grid 3 during the time 
that the gate is opened by the range gate signal. 
Echoes from the target under observation thus 
are passed by the range gate, and all others are 
rejected. At the same time, the range of the 
target under observation is determined easily by 
noting the time interval between transmission of 
the outgoing signal and generation of the range 
gate signal. The gated signal, after amplification, 
is detected again in a low-frequency detector, 
which recovers the modulation on the echo pulses. 
The modulation then may be used to control the 
direction in which the antenna points. The 
control is accomplished by means of servo systems, 
which are discussed in detail in TM 11-674. 
Either the gated video signal, which contains 
echoes from the target under observation, or the 
ungated video signal, which contains all of the 


echoes received, may be sent to a display system 


for observation by an operator. 

d. Automatic-Tracking Range Gate. In some 
radars, the range gate is held on the desired echo 
by an operator. In others, an automatic-tracking 
range gate is used. In the automatic-tracking 
system, three gated amplifiers are required. One 
is controlled by an early gate, one by a signal gate, 
and one by a late gate. The time relationships of 
the gates is shown in figure 219. The early gate 
opens first; shortly after this the signal gate opens, 
and finally the late gate opens. The gates then 
close in the same order. As shown in figure 219, 


there is a slight amount of overlap between the 
early gate and the late gate. In operation, the 
sionals from the early gate amplifier and those 
from the late gate amplifier are compared. If the 
group of range gates is set at a range slightly 


greater than the target range, almost all of the 


echo will be passed by the early gate and very 
little will be passed by the late gate. The output 
of the early gate amplifier then will be greater 
than that of the late gate amplifier, and the 
resulting difference is used to reduce the range at 
which the gates are set. If the range is too small, — 
the output of the late gate amplifier will be greater 
than that of the early gate amplifier, and an 
appropriate correction can be made. The range 
setting thus is changed automatically until the 
output of the early gate amplifier is equal to that 
of the late gate amplifier. Under this condition, 


the output of the signal gate amplifier contains 


echoes from the desired target. As the range 
changes, the three gates are shifted automatically 
so that the target continues to ‘appear in the 
signal gate. — 
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Figure 219. Gates for automatic-tracking range gate system. 


e. Hrequency-Modulated Radar. | 
(1) A specialized type of radar, of which the 
low-altitude absolute altimeter is a good 
example, makes use of frequency-modu- 
lated transmission rather than pulsed 
transmission. Consider a transmitter 
Operating in the neighborhood of 500 
me per second and frequency-modulated 
in the manner shown in figure 220. At 
every instant, the transmitter frequency 
is changing at the rate of 1,000 mc per 
second, in one direction or the other. 
If, now, the ground, or any other prom- 
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Figure 220. Frequency modulation of f-m radar transmitter. 
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inent target, is approximately 500 feet 
from the transmitter, the echo will 
arrive after a time interval of 1 micro- 
second. During most of the time (all of 
the time except just before and just after 


the direction of the frequency change is 


reversed), the frequency of the received 
signal will differ from that of the trans- 
mitted signal by 1,000 cycles per second. 
The range to the target, or the distance 
to the ground, then can be determined 
by measuring the frequency difference. 
This can be done directly by using the 
transmitter as the local oscillator in the 
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receiver. The intermediate frequency 
then will be the desired frequency; the 
difference in frequency between the 
transmitted and the received signals 
will be equal to the intermediate fre- 
quency. In practice, however, this is 
difficult, because of the low level of the 
received signal. 


(2) One alternative is the scheme shown in 


figure 221. The received signal is picked 
up on an antenna which is shielded from 
the transmitting antenna. The signal 
then is sent to one of a pair of mixers, 
the other mixer being fed by a low-level 
sional from the transmitter. Both 
mixers make use of the same local oscil- 
lator, and both input frequencies are 
shifted by the same amount. The two 
mixer outputs, which are amplified in 
identical intermediate-frequency ampli- 
fiers, therefore have the same frequency 
difference that exists between the trans- 
mitted and the received signals. After 
amplification to a suitable level, the two 
signals from the intermediate-frequency 
amplifiers are sent to a third mixer. The 
difference frequency is selected at the 


output of this mixer by a low-pass filter, 


and is sent to a frequency meter which 
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reads directly in range. Frequency- 
modulated radar of this sort is useful 
when only one target at a time is in the 
combined transmission-reception pattern. 
Although the example given is a vhf 
system, the same technique can be used 

at microwave frequencies. 
fF. Continuous-Wave Radar. Another type of 
radar, c-w radar, makes use of receiving equip- 
ment similar to that used with f-m radar. The 
transmitter, however, is not modulated at all but 
transmits a continuous signal at constant ampli- 
tude and frequency. Suppose, for example, that 
there is a target at a range of 1,000 wavelengths of 
the transmitted signal. The received signal, 
having traveled a distance of 2,000 wavelengths, 
will lag the transmitted signal with a phase dif- 
ference of 2,000 cycles. If, now, the target is 
moved toward the transmitter to a distance of 999 
wavelengths, the phase difference will be reduced 
to 1,998 cycles. Suppose, now, that the target 
moves toward the transmitter at a rate of 1 wave- 
length per second. The phase difference then de- 
creases at the rate of 2 cycles per second. If the 
transmitted signal goes through f cycles in any 
second (where f is the transmission frequency), 
the received signal must go through ({+2) cycles 
in the same second in order to reduce the phase 
difference by 2 cycles during the 1-second time 
interval. The velocity of the target toward the 
transmitter or away from it is, then, given di- 
rectly by the frequency meter, a Pais differ- 
ence of 2 cycles per second, corresponding to a 
velocity of 1 wavelength per second. One diffi- 
culty with the system as described is the impos- 
sibility of tellmg whether the target is approaching 
or going away. This may be solved by hetero- 
dyning the transmitter signal, as it comes from 
its i-f amplifier, with, say, a 1,000-cycle signal. 
The resulting. difference frequency is, then, 1,000 
cycles per second lower than the intermediate 
frequency which corresponds to the transmitted 
signal. If this difference-frequency signal is sent 
to the final mixer in place of the output of the 
transmitter signal i-f amplifier, the frequency 
meter will show a frequency of 1,000 cycles per 
second when the target is stationary.- A velocity 
of 1 wavelength per second toward the trans- 
mitter then will be shown by a frequency reading 
of 1,002 cycles per second, and a velocity of 1 
wavelength per second away from the transmitter 
will be shown by a reading of 998 cycles per sec- 
ond. Note that the system shows range rate only. 





If the target moves along a circle the center of 
which is at the transmitter, the range will remain 
constant and a oo will report no target 
motion. 


116. Automatic Gain and Frequency Control 


An age (automatic gain control) system in a 
conventional communications receiver is designed 
to maintain a fixed average signal level at the 
output of the intermediate-frequency amplifier, 
even though the signal level at the receiver input 
varies over a wide range. Simple control circuits 
of this sort are seldom used in radar receivers, 
however, although most radar receivers do have 


some form of age in conjunction with afc (auto- 
matic-frequency control), which keeps the receiver 


tuned to a selected incoming signal. Some repre- 
sentative circuits of this type are described in a 
through d below. 

a. Conventional Automatic Gain Control Sys- 
tem. ‘The ordinary age system used in communi- 
cations receivers is very simple. It involves 
nothing more than a detector, fed by the output 
of the i-f amplifier, and a low-pass filter (A of 
fig. 222). <A portion of the output of the amplifier 
output is fed to a conventional diode. This 
rectifies the i-f signal and develops a negative 
voltage across the load resistor that is proportional 
to the amplitude of the signal. The i-f bypass 
capacitor passes the i-f component in the rectifier 
output, and the voltage across the load resistor 
is nothing more than the envelope of the 1-f 
sicnal. This voltage then is passed through a 
low-pass filter which removes any variation . 
caused by amplitude modulation at audio or. 
higher frequencies. The output of the filter, 
with the diode connection as shown in A, is, then, 
a negative voltage that is proportional to the 


_ average signal level at theoutput of the i-f amplifier. 


This negative voltage is used to reduce the gain of 
the 1-f amplifier, usually by shifting the grid bias 
of each tube in the negative direction. Suppose, 
now, that an input signal level of 10 microvolts 
develops a signal of 1 volt at the output of the 
i-f amplifier. What increase in the input level is 
required to raise the i-f output level to 1.1 volts? 
With 1 volt of age voltage, the receiver gain, 
from the receiver input to the i-f amplifier output, 
is 100,000. This, of course, is the ratio of 1 volt 
to 10 microvolts. With an age voltage of 1.1 
volts, the receiver gain may be reduced by a factor 
of 10. The new gain then will be only 10,000 
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Figure 222. Simple age systems. 


and the required input signal will be 1/10,000 of 
1.1 volts, or 110 microvolts. 
as described, there is only a 10-percent change in 
the 1-f output voltage, but the input signal level 
is made 11 times as great (a change of 1,000 per- 
cent). In many cases, it is-desirable to retain 
the maximum receiver gain for small input signals. 
The simple agc system then is replaced by a 
delayed age system, such as that shown in B. 
Here, a positive delay voltage is applied to the 
diode in series with the i-f output. This prevents 


the diode from conducting when the i-f signal. 


level is low. There is, therefore, no age voltage 
developed until the i-f signal level exceeds the 
bias voltage. Simple age systems of this type 
are not suitable for use in radar receivers, except 
in rare cases where it is desirable to have the 
strongest echo control the gain of the receiver. 
Ordinarily, this is undesirable, since the receiver 
gain then is reduced to bring the strongest echo 
to some standard level. Other echoes, in this 
case, are at lower levels and may be overlooked. 

6b. Gated Automatic Gain Control System. It is 
customary, in tracking radars, to use a form of 
automatic gain control called gated age. ‘The echo 
passed by the range gate is sent to a rectifier, and 


the resulting voltage is passed through a low-pass _ 


filter as in a conventional age system to remove 
the error modulation, which results from error in 
the position of the radar antenna. This system 
differs from a simple age system only in the fact 
that the age voltage is developed from a single 
series of echoes—those from the target under ob- 
servation. As explained above, the gated echo 
must be brought to some standard level in order 
to have any fixed relation between the amplitude 
of the error modulation and the extent of the an- 
tenna position error. This is carried out by the 
gated agc system. | : | 


c. Sensitwity Time Control System. Although 
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it is not feasible to use an agc system with a search 


radar receiver, because the strongest echo received 


would control the gain of the receiver, it is usual 


to employ an stc (sensitivity tume control) system, 
which varies the receiver gain in such a way that 
echoes from distant targets are amplified more 
than those from nearby targets. Consider, for 
the moment, two similar targets, one at a range 
of 10 miles, the other at twice that range. Since 
the power level. of the transmitted signal falls off 
as the square of the range, the power delivered to 
the nearer target is four times that delivered to the 
farther target. The nearer target, being excited 
at a power level four times as great as that which 


- excites the farther target; returns an echo that is 


four times as powerful as the echo returned by the 
farther target. The echo from the nearer target, 
traveling only half as far as that from the farther 
target, suffers only one-fourth as much attenua- 
tion in traveling to the receiver. The result is 
that the echo from the nearer target is received at 
a power level 16 times as great as that of the echo 
from the farther target. The power level is pro- 
portional to the square of the amplitude, and the 


echo from the nearer target is at a voltage level 


four times as great as the voltage level of the echo 
from the farther target. Both echoes will be dis- 


played at the same amplitude if the echo from the 


farther target is amplified four times as much as_ 
the echo from the nearer target. This is partic- 
ularly desirable, since the nearer target otherwise 
would be displayed as a strong echo that easily 
might distract the operator and cause him to 
overlook the echo from the farther target.  Uni- 
form signals will be displayed for targets of a given 
type at all useful ranges, if the receiver gain is 
made to increase with time in the proper way. 
The required variation in gain is provided by an 
ste system. The heart of such a system is a cir- 
cuit that develops an increasing voltage which is 


